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Coal i s  a sedimentary rock accumulated as peat and composed p r i n c i p  1ly 
o f  macerals, subord ina te ly  o f  minerals,  and c o n t a i n i n g  water  and gases i n  submicro- 
scopic pores. Macerals (mas' e r  - a l s )  are o rgan ic  substances d e r i v e d  from p l a n t  
t i s s u e s  and exudates t h a t  have been v a r i a b l y  subjected t o  decay, incorpora ted  i n t o  
sedimentary s t r a t a ,  and then compacted, hardened, and chemica l l y  a l t e r e d  by  n a t u r a l  
( g e o l o g i c a l )  processes. 

Coal i s  no t  a un i fo rm m i x t u r e  o f  carbon, hydrogen, oxygen, s u l f u r ,  and 
minor p r o p o r t i o n s  o f  o t h e r  elements; nor i s  it, as i s  o f t e n  impl ied,  s imp ly  a u n i -  
form, polyaromat ic,  "polymeric"  substance. Rather, i t  i s  an aggregate o f  micro- 
scop ica l  l y  d is t ingu ishab le ,  p h y s i c a l l y  d i s t i n c t i v e ,  and chemica l l y  d i f f e r e n t  macerals 
and minerals.  

Coa l  i s  ana logous t o  a f r u i t c a k e ,  fo rmed i n i t i a l l y  as a m i x t u r e  o f  
d i v e r s e  i n g r e d i e n t s ,  t h e n  "baked" t o  a p r o d u c t  t h a t  i s  v i s i b l y  he terogeneous.  
The heterogeneous na ture  o f  coa l  i s  ev ident  i n  F i g u r e  1, a photomicrograph o f  a 
p o l i s h e d  s u r f a c e  o f  a p i e c e  o f  t y p i c a l  c o a l .  The  d i f f e r e n t  macera l s  r e f l e c t  
d i f f e r e n t  p ropor t ions  o f  i n c i d e n t  l i g h t  and are t h e r e f o r e  d i s t i n g u i s h e d  as d i s c r e t e  
areas e x h i b i t i n g  d i f f e r e n t  shades o f  gray. I t  should be ev ident  t h a t  any at tempt 
t o  c h a r a c t e r i z e  the  chemical s t r u c t u r e  o f  t h i s  coa l  w i t h o u t  recogn iz ing  t h e  organ i -  
z a t i o n  o f  t h e  elements and molecules i n t o  d i s c r e t e  substances would be l i k e  t r y i n g  
t o  descr ibe  t h e  essence o f  a f r u i t c a k e  by  g r i n d i n g  i t  up and ana lyz ing  i t s  elemen- 
t a l  composition. 

The he terogene i ty  o f  coal ,  e x e m p l i f i e d  by F i g u r e  1, i s  i n h e r i t e d  f rom t h e  
d i v e r s i t y  of source m a t e r i a l s  which accumulated i n  a peat swamp. Coals may be 
compared, cont ras ted  and c l a s s i f i e d  on t h e  b a s i s  o f  v a r i a t i o n s  i n  t h e  p r o p o r t i o n s  
o f  t h e s e  m i c r o s c o p i c a l l y  i d e n t i f i a b l e  components. Such a c l a s s i f i c a t i o n  i s  
r e f e r r e d  t o  as a c l a s s i f i c a t i o n  according t o  type. Coals may a l s o  be c l a s s i f i e d  
according t o  how severe ly  geo log ica l  a l t e r a t i o n  processes, r e f e r r e d  t o  c o l l e c t i v e l y  
as metamorphism, have a f f e c t e d  t h e i r  p r o p e r t i e s .  T h i s  i s  c l a s s i f i c a t i o n  according 
t o  rank. These two c l a s s i f i c a t i o n  methods are independent and orthogonal ;  t h e r e -  
fo re ,  w i t h i n  c e r t a i n  l i m i t s ,  any type  o f  coa l  can be found a t  any rank. 

C l a s s i f i c a t i o n  according t o  type  i n v o l v e s  t h e  r e l a t i v e  p r o p o r t i o n s  o f  b o t h  
t h e  inorgan ic  substances and t h e  d i f f e r e n t  organic substances. Because o n l y  t h e  
o r g a n i c  m a t e r i a l  i s  a l t e r e d  b y  metamorph ic  p rocesses ,  r a n k  c l a s s i f i c a t i o n  i s  
independent o f  inorgan ic  content.  I n o r g a n i c  m a t e r i a l  i s  s i g n i f i c a n t  i n  commer- 
c i a l  uses o f  coal ,  and i t s  presence must be accounted f o r  i n  s c i e n t i f i c  s tdd ies .  
The present  discussion, however, concentrates on t h e  p r o p e r t i e s  o f  t h e  o r g a n i c  
substances, because o n l y  t h e  organic macerals make coa l  t h e  va luab le  m a t e r i a l  t h a t  
i t  i s .  

I n  F i g u r e  1, s e l e c t e d  areas  a r e  i d e n t i f i e d  as v i t r i n i t e ,  l i p t i n i t e ,  
and i n e r t i n i t e .  These terms r e f e r  t o  t h e  t h r e e  major c lasses  o f  macerals recog- 
n i z a b l e  i n  a l l  ranks o f  coa l  except those of t h e  h i g h e s t  ranks. A few o f  t h e  more 
s i g n i f i c a n t  fea tures  o f  these major c lasses  o f  macerals and o f  t h e i r  more impor tan t  
subc lasses  a r e  summarized i n  F i g u r e  2. I t  can  be seen f r o m  F i g u r e  2 t h a t  t h e  
d i f f e r e n t i a t i o n  o f  c o a l s  a c c o r d i n g  t o  t ype ,  v i z .  a c c o r d i n g  t o  t h e  c o n t e n t  o f  
m a t e r i a l s  assignable t o  each o f  t h e  maceral classes, i s  r e a l l y  a d i f f e r e n t i a t i o n  
according t o  t h e  i n g r e d i e n t s  which i n i t i a l l y  accumulated as peat t o  fo rm t h a t  c o a l .  
A l t h o u g h  t h e  r a n k  s c a l e  a c c o r d i n g  t o  ASTM has been a r b i t r a r i l y  d i v i d e d ,  and 
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s p e c i f i c  segments .have been i d e n t i f i e d  b y  an e p i t h e t  (i.e., l i g n i t i c ,  bituminous, 
a n t h r a c i t i c  coals) ,  t h e r e  are no such wel l - recognized c lasses o f  coal types. 

I n  t h i s  sense, t h e r e  i s  e s s e n t i a l l y  a c o n t i n u o u s  s e r i e s  o f  c o a l s  o f  
d i f f e r e n t  types, de f i ned  b y  microscopic  q u a n t i f i c a t i o n  o f  t h e i r  maceral (and m ine ra l )  
contents. P a r t i c l e s  o f  crushed coa l ,  when cemented toge the r  as a s o l i d  b lock w i t h  a 
c a t a l y t i c a l l y  s o l i d i f i e d  r e s i n  o r  p l a s t i c ,  can be po l i shed  and examined microscop- 
i c a l l y .  I n d i v i d u a l  p a r t i c l e s  d e r i v e d  f rom d i f f e r e n t  l aye rs  o f  a coal  seam, may 
d i f f e r  s i g n i f i c a n t l y  i n  maceral and m ine ra l  contents. Recogni t ion o f  t h i s  f e a t u r e  
has l e d  t o  t h e  concept of t h e  m i c r o l i t h o t y p e ,  wherein each p a r t i c l e  can be c l a s s i f i e d  
according t o  i t s  maceral content .  I n  t h i s  procedure, a r b i t r a r y  c lasses o f  p a r t i c l e s  
a r e  recognized accord ing t o  s p e c i f i c  maceral p ropor t i ons  as shown i n  Table 1. I t  i s  
i m p o r t a n t  t h a t  t h e  s c i e n t i s t  o r  t e c h n o l o g i s t  r e c o g n i z e  t h a t  p a r t i c l e s  o f  t h e  
d i f f e r e n t  m i c r o l i t h o t y p e s  a re  l i k e l y  t o  pe r fo rm q u i t e  d i s s i m i l a r l y  when analyzed o r  
processed; the re fo re ,  coa ls  must be sampled c a r e f u l l y  t o  prevent  the  s e l e c t i o n  
o f  non-representat ive p a r t i c l e s .  

Each o f  t he  m a t e r i a l s  recognized as belonging t o  a s p e c i f i c  maceral c l a s s  
(acco rd ing  t o  t h e  c r i t e r i a  shown i n  F i g u r e  2 )  has phys i ca l  and chemical p r o p e r t i e s  
t h a t  depend upon i t s  composit ion i n  t h e  peat-swamp and t h e  e f f e c t s  o f  subsequent 
metamorphic a l t e r a t i o n .  Thus, f o r  instance,  i n  a l l  c o a l s  t h e r e  i s  m a t e r i a l  de r i ved  
f r o m  t h e  s t r u c t u r a l  t i s s u e s  ("wood") o f  p lan ts .  These "woody" substances ( l i g n i n ,  
c e l l u l o s e )  a r e  t h e  dominan t  components o f  p l a n t s ,  and hence t h e i r  d e r i v a t i v e s  
dominate i n  t y p i c a l  coals. I n  t h e  peat swamp, some o f  the woody t i s s u e s  may have 
been pyro lyzed b y  f i r e ,  f o rm ing  a carbon r i c h  char recognized as f u s i n i t e  i n  t h e  
coal .  I n  some coa l  layers,  t h i s  may be t h e  dominant maceral, and such layers would 
be r e f e r r e d  t o  as f u s i n i t e - r i c h  t ypes  o f  coal .  

Much more commonly, though, t h e  woody t i s s u e s  accumulated below a water 
cove r ing  where imper fec t l y  understood, l a r g e l y  m i c r o b i o l o g i c a l  processes converted 
them t o  humic substances o f  somewhat v a r i a b l e  composition. These humic substances 
were subsequently a l t e r e d  b y  metamorphic processes (heat, pressure) i n t o  substances 
c l a s s i f i a b l e  as one of t h e  v i t r i n i t e  macerals. Therefore, t h e  phys i ca l  and chemical 
p r o p e r t i e s  o f  t h e  v i t r i n i t i c  m a t e r i a l s  i n  a s p e c i f i c  coa l  were l a r g e l y  cond i t i oned  by 
t h e  magnitude o f  temperature and pressure t o  which they  were subjected a f t e r  b u r i a l .  
Thus, one could say t h a t  t h e  p r o p e r t i e s  o f  t h e  macerals i n  a g i ven  coal  r e f l e c t  t h e  
r a n k  o f  t h e  c o a l ;  o r  more c o r r e c t l y ,  one s h o u l d  say t h a t  t h e  r a n k  o f  t h e  c o a l  
r e f l e c t s  t h e  p r o p e r t i e s  o f  macerals as cond i t i oned  by t h e  s e v e r i t y  o f  t h e  metamorphic 
processes t o  which t h e  coa l  was subjected. 

One o f  t h e  p r o p e r t i e s  o f  macerals t h a t  changes p rog ress i ve l y  w i t h  metamor- 
p h i c  s e v e r i t y  i s  t he  m i c r o s c o p i c a l l y  measurable r e f l e c t a n c e  o f  po l i shed  surfaces. 
Using a s e n s i t i v e  p h o t o m u l t i p l i e r  c e l l  mounted on a microscope, it i s  p o s s i b l e  t o  
measure o b j e c t i v e l y  t h e  absolute percentage o f  i n c i d e n t  l i g h t  r e f l e c t e d  from very 
smal l  areas ( 5pm diameter)  o f  p o l i s h e d  coa l  surfaces. I n  F igu re  3 i s  shown a se r ies  
o f  r e f l e c t a n c e  d i s t r i b u t i o n s ,  each rep resen t ing  a sampling o f  t h e  m a t e r i a l  i n  a coal  
o f  t h e  rank ind icated.  These d i s t r i b u t i o n s  a re  a r b i t r a r i l y  const ructed t o  show what 
would happen t o  a g i ven  peat  i f  i t  were t o  be subjected t o  i n c r e a s i n g l y  more severe 
metamorphism. Recognize, o f  course, t h a t  these are " s l i c e s "  through a continuum, and 
t h a t  no jump from rank t o  rank i s  implied. P roper t i es  such as carbon content, 
oxygen content ,  degree o f  a r o m a t i c i t y ,  and many others, could be s u b s t i t u t e d  f o r  t h e  
r e f l e c t a n c e  scale and a s i m i l a r  s o r t  o f  p i c t u r e  would emerge. I n  Table 2, some 
t y p i c a l  va lues a re  shown f o r  s e l e c t e d  p r o p e r t i e s  o f  v i t r i n i t e  macerals i n  d i f f e r e n t  
rank coals. In  -Table 3, a number o f  t h e  p r o p e r t i e s  o f  n o n - v i t r i n i t e  macerals are 
compared t o  those o f  v i t r i n i t e  f rom coal  o f  t h e  same rank. 

T y p i c a l  U . S .  c o a l s  a r e  r e l a t i v e l y  v i t r i n i t e - r i c h ,  t h e r e f o r e  a n a l y s e s  
o f  whole coals, when a p p r o p r i a t e l y  co r rec ted  f o r  i no rgan ic  content, r e f l e c t ,  t o  a 
f i r s t  approximation, t he  composi t ion and p r o p e r t i e s  o f  t h e  i nc luded  v i t r i n i t e .  For 
t h i s  reason, t h e  parameters employed t o  c l a s s i f y  coa ls  according t o  rank, r e f l e c t  t h e  
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rank (stage o f  metamorphic development) o f  t h e  v i t r i n i t e .  C a l o r i f i c  values o r  
f i x e d  carbon y i e l d s  a re  ca l cu la ted  t o  a so -ca l l ed  m ine ra l -ma t te r - f ree  bas i s  f o r  
use i n  t h e  ASTM c l a s s i f i c a t i o n  o f  coa ls  accord ing t o  rank (1). I t  i s  e s s e n t i a l l y  
impossible t o  o b t a i n  i no rgan ic - f ree  samples; t he re fo re ,  t o  rep resen t  organic  ma t te r  
accu ra te l y  i n  comparative s tud ies o f  any o f  t h e  organic  p r o p e r t i e s  o f  coal ,  ana ly t -  
i c a l  data must be converted t o  an i n o r g a n i c - f r e e  basis. Commonly, a dry, ash-free 
(DAF*) bas i s  i s  employed. I t i s  p re fe rab le ,  however, t o  conver t  t o  a dry, m ine ra l -  
m a t t e r - f r e e  (DMMF) b a s i s ,  as d i s c u s s e d  b y  G i v e n  and Yarzab  ( 2 ) .  I n  f a c t ,  t h e  
most meaningful assessment o f  coa l  rank o r  o f  t h e  p r o p e r t i e s  o f  coa ls  o f  d i f f e r e n t  
ranks should be done w i t h  samples o f  concentrated v i t r i n i t e  o r  on samples where t h e  
v i t r i n i t e  comprises more t h a t  about 80% o f  t h e  o rgan ic  f r a c t i o n .  Because r e f l e c t a n c e  
i s  c l o s e l y  c o r r e l a t i v e  w i t h  many r a n k - s e n s i t i v e  p r o p e r t i e s  and i t s  determinat ion can 
be made on v i t r i n i t e  alone, .it has become a w i d e l y  accepted parameter t o  des ignate 
t h e  rank o f  a coal  (see F igu re  4 ) .  Unfo r tuna te l y ,  even when a r e f l e c t a n c e  value i s  
ava i l ab le ,  i t  may not be repo r ted  i n  s c i e n t i f i c  pub l i ca t i ons .  I s t r o n g l y  recommend 
t h a t  pe t rog raph ic  analyses and v i t r i n i t e  r e f l e c t a n c e  be r e p o r t e d  f o r  samples on which 
s t r u c t u r a l  s tud ies  are conducted. 

A l t h o u g h  many p r o p e r t i e s  o f  v i t r i n i t e s  appear t o  change i n  a more o r  
l e s s  p a r a l l e l  f ash ion  as a r e s u l t  o f  metamorphism, t h e r e  i s  cons iderable s c a t t e r  i n  
t h e i r  c o r r e l a t i o n .  F igu re  5 i s  o f f e r e d  as evidence o f  t h i s  content ion.  The da ta  
p l o t t e d  i n  F igu re  5 are f rom coa ls  c o n t a i n i n g  more than  80% v i t r i n i t e  on a DMMF bas is  
( 3 ) .  It i s  obvious t h a t  t h e  p rog ress ion  f rom h i g h  t o  low H/C and O / C  va lues r e f l e c t s  
t h e  i n f l u e n c e  o f  more severe metamorphic a l t e r a t i o n ;  i n  o the r  words coa ls  toward t h e  
lower H/C and O/C end o f  t h e  band are a re  h ighe r  rank. However, the f a c t  t h a t  t h e  
da ta  do fo rm a band, r a t h e r  t h a n  a l i n e a r  progress ion,  i m p l i e s  t h a t  t h e r e  i s  not  a 
simple sca le  which de f i nes  t h e  rank progress ion.  As Given and h i s  co-workers have so 
e l o q u e n t l y  shown, the  geologica l /geographica l  d i s p o s i t i o n  of U.S. coals  appears t o  
e x e r t  some, as y e t  undefined, i n f l u e n c e  on t h e  i n t e r c o r r e l a t i o n s  o f  coa l  p r o p e r t i e s  

C l e a r l y ,  n e i t h e r  g e o l o g y  n o r  geography  a re  c o a l  p r o p e r t i e s  and hence 
cannot be "measured". D i f f e r e n t  source ma te r ia l s ,  d e p o s i t i o n a l  c o n d i t i o n s  ( i n c l u d i n g  
e s p e c i a l l y  s u l f u r  a v a i l a b i l i t y ) ,  and time/temperature/pressure c o n d i t i o n s  du r ing  
metamorphism, i n t e r a c t e d  so as t o  p r o v i d e  a m u l t i t u d e  o f  p o t e n t i a l  paths which 
d i f f e r e n t  coa ls  ( o r  even v i t r i n i t e s  i n  d i f f e r e n t  coa ls )  f o l l owed  t o  t h e i r  present  
cond i t i on .  I n  o the r  words, t h e  concept o f  a s i n g l e  rank progress ion i s  more f a l l a c y  
than  f a c t .  

As un i f y ing ,  under l y ing  concepts, t y p e  and rank c e r t a i n l y  can be v a l i d l y  
employed t o  env i s ion  why coa ls  have t h e  p r o p e r t i e s  t h a t  t h e y  do. However, it i s  t ime 
f o r  a re -eva lua t i on  o f  coal  c l a s s i f i c a t i o n  concepts. How can we measure rank when we 
analyze c o a l s  o f  d i f f e r e n t  types and when t h e r e  i s  no simple rank progress ion even 
when v i t r i n i t e  o r  v i t r i n i t e - r i c h  coa ls  are compared? And how can we assess t ype  when 
m a c e r a l  i d e n t i f i c a t i o n  c r i t e r i a  a r e  h i g h l y  s u b j e c t i v e ,  e x c e p t  f o r  r e f l e c t a n c e  
measurements t h a t  r o u t i n e l y  are no t  even app l i ed  t o  t h e  l i p t i n i t e  and h i g h l y  v a r i a b l e  
i n e r t i n i t e  macerals? And, f i n a l l y ,  how can coa ls  be c l a s s i f i e d  s c i e n t i f i c a l l y  when 
e m p i r i c a l  and der ived p r o p e r t i e s  l i k e  c a l o r i f i c  va lue and f i x e d  carbon y i e l d  are 
employed as c l a s s i f y i n g  parameters? 

A s c i e n t i f i c  c l a s s i f i c a t i o n  s h o u l d  be based f i r s t  on t h e  fundamenta l  
p r o p e r t i e s  of t h e  v i t r i n i t e  i n  coals. T h i s  means, at t h e  ve ry  l e a s t  t h a t  element 
c o n c e n t r a t i o n s  and m o l e c u l a r  s t r u c t u r e  c o n f  i g u a t i o n s  must  be assessed. The 
s t r u c t u r a l  p r o p e r t i e s  o f  most importance t o  c l a s s i f i c a t i o n  and process responses 

I 

( 4 ) .  

*Not 'MAF', which i s  o f t e n  u n f o r t u n a t e l y  used as an abbrev ia t i on  f o r  moisture-and- 
ash- free. 
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appear t o  be: ( 1 )  t h e  na tu re  o f  hydrogen bonding and phys i ca l  entanglement t h a t  
cohere molecular  moiet ies,  ( 2 )  t h e  na tu re  o f  c y c l i c a l  s t r u c t u r e s  (e.g., r i n g  con- 
densation index, a romat i c i t y ,  heteroatoms ), ( 3 )  amount and d i s t r i b u t i o n  o f  hydro- 
aromatic hydro en, ( 4 )  s c i  s s l e  b r i d g i n g  s t r u c t u r e  (e.g., e ther ,  su l f i des ,  po l y -  
me thy lenes ) ,  q 5 )  f u n c t i o n a l  g r o u p  c h a r a c t e r i s t i c s  (esp. oxygen - and s u l f ? r r -  
con ta in ing ) ,  and (6 )  o rgan ic / i no rgan ic  i n t e r a c t i o n s .  To develop t h e  bas i s  of a 
s c i e n t i f i c  c l a s s i f i c a t i o n ,  t hese  de te rm ina t ions  need t o  be made on a l a rge  number 
o f  v i t r i n i t e - r i c h  coa l  samples spanning a wide range o f  rank. Because coals  a re  
s e n s i t i v e  t o  o x i d a t i o n  and mo is tu re  changes du r ing  handl ing,  these sanples must be 
c a r e f u l l y  co l l ec ted ,  prepared and preserved. 

I t  i s  f a i r l y  e v i d e n t  t h a t  because o f  t h e  complex i n t e r a c t i o n s  o f  
d e p o s i t i o n a l l y - i n f  luenced and me tamorph ica l l y - i n f l uenced  p roper t i es ,  t h e  fundamental 
chemica l / s t ruc tu ra l  p r o p e r t i e s  w i l l  need t o  be r e l a t e d  t o  each o the r  i n  a complex 
s t a t i s t i c a l  fash ion.  A m u l t i v a r i a t e  c o r r e l a t i o n  m a t r i x  such as t h a t  pioneered b y  
Waddell (5) appears t o  be an abso lu te  requirement. However, c h a r a c t e r i z a t i o n  para- 
meters f a r  more soph is t i ca ted  than  those employed by Waddell a re  requi red.  One 
can  hope t h a t ,  as c o r r e l a t i o n s  between p a r a m e t e r s  become e v i d e n t ,  c e r t a i n  k e y  
p r o p e r t i e s  w i l l  be d iscovered which w i l l  a l l o w  coa l  s c i e n t i s t s  and techno log is t s  t o  
i d e n t i f y  and t o  c l a s s i f y  v i t r i n i t e s  uniquely. C e r t a i n  o p t i c a l  p r o p e r t i e s  might  prove 
va luable i n  t h i s  respect .  I t  would then  no t  be necessary f o r  every l abo ra to ry  t o  
have super-sophis t icated a n a l y t i c a l  equipment a t  i t s  d isposal  i n  order  t o  c l a s s i f y  a 
coa l  proper ly .  By ‘p roper l y  i d e n t i f y i n g l c l a s s i f y i n g  t h e  v i t r i n i t e  i n  a coal, one 
cou ld  then  est imate a c c u r a t e l y  the  many o the r  v i t r i n i t e  p r o p e r t i e s  a v a i l a b l e  i n  t h e  
mu It i v a r i  a t  e c o r r e l a t i o n  m a t r i x  . 

O f  cou rse ,  e l u c i d a t i o n  o f  v i t r i n i t e  p r o p e r t i e s  and e s t a b l i s h m e n t  o f  
unique v i t r i n i t e  c l a s s  i d e n t i f i e r s  would n o t  so l ve  a l l  o f  t h e  problems o f  coa l  
c l a s s i f i c a t i o n .  F u r t h e r  work needs t o  be  done t o  c h a r a c t e r i z e  t h e  i n o r g a n i c  
m a t e r i a l s  i n  coa ls ,  e s p e c i a l l y  d e v e l o p i n g  s i m p l e  t e s t s  f o r  q u a n t i f i c a t i o n  o f  
inorganic  speci es . 

Once v i t r i n i t e s  c o u l d  b e  p r o p e r l y  i d e n t i f i e d  and c l a s s i f i e d ,  t h e n  i t  
would be necessary t o  c h a r a c t e r i z e  and t o  i d e n t i f y  un ique ly  t h e  members of t h e  
o the r  maceral classes. I t i s  probable t h a t  l i p t i n i t e  p r o p e r t i e s  change i n  some 
fashion c o r r e l a t i v e  wi th  t h e  changes wrought b y  metamorphism on v i t r i n i t e .  There- 
fore,  c l a s s i f i c a t i o n  o f  v i t r i n i t e  would a u t o m a t i c a l l y  c l a s s i f y  l i p t i n i t e .  Whether 
i n e r t i n i t e  changes w i t h  rank i s  uncer ta in ;  b u t  it i s  c e r t a i n  t h a t  f a r  b e t t e r  d i f -  
f e r e n t i a t i o n  o f  . f u s i n i t e s  needs t o  be employed f o r  i t  i s  ev iden t  t h a t  f u s i n i t e  
r e f l e c t a n c e  va lues span wide ranges i n  a g iven coal. 

A m u l t i v a r i a t e  v i t r i n i t e  c l a s s i f i c a t i o n ,  supplemented b y  i n f o r m a t i o n  
about t h e  i no rgan ic  ma t te r  and t h e  p r o p o r t i o n s  and p r o p e r t i e s  o f  assoc iated macerals, 
would be of l i t t l e  va lue i f  i t  cou ld  no t  be used t o  p r e d i c t  t h e  response o f  a g i ven  
coa l  i n  a process ing system and the reby  p r o v i d e  an es t ima te  of t h e  va lue o f  t h a t  
coal .  Consequently, i t  w i l l  be  necessary t o  r e l a t e  t h e  s c i e n t i f i c  c l a s s i f i c a t i o n  t o  
t h e  responses o f  coals  i n  such processes as p y r o l y s i s ,  l i q u e f a c t i o n ,  g a s i f i c a t i o n ,  
combustion, and coke-making. Th is  can o n l y  be done by r e l a t i n g  t h e  fundmenta l ,  
c l a s s i f y i n g  p r o p e r t i e s  t o  e m p i r i c a l l y  determined process ing responses on a substan- 
t i a l  number of samples. Again, t h e y  should be v i t r i n i t e - r i c h  and cover  a broad range 
o f  ranks. 

O n l y  t h r o u g h  t h e  c o n d u c t  o f  an i n t e g r a t e d  p rog ram more o r  l e s s  a long  
t h e  l i n e s  t h a t  I have o u t l i n e d  i s  Coa l  S c i e n c e  e v e r  g o i n g  t o  move o u t  o f  t h e  
e r a  of t h e  1 9 5 0 ’ s  where i t  i s  now m i r e d .  The s c a t t e r e d  p r o b e s  o f  c o a l  s t r u c -  
t u r a l  p r o p e r t i e s  on a b e w i l d e r i n g  r a n g e  o f  p o o r l y  s e l e c t e d ,  p o o r l y  c o l l e c t e d ,  
p o o r l y  p repared ,  p o o r l y  p r e s e r v e d  and p o o r l y  c h a r a c t e r i z e d  c o a l  samples w i l l  ~- 
lead us o n l y  i n t o  f u r t h e r  confus ion.  Progress i n  Coal Science can o n l y  be made 
when s c i e n t i f i c  and techno log ica l  i n v e s t i g a t i o n s  on coal  r e s u l t  i n  a comprehensive 
i n t e g r a t i o n  and s y n t h e s i s  o f  d a t a  and i n f o r m a t i o n .  The essence o f  s c i e n c e  i s  
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, " t h e  r e d u c t i o n  o f  t h e  b e w i l d e r i n g  d i v e r s i t y  o f  u n i q u e  e v e n t s  t o  manageable 
u n i f o r m i t y  w i t h i n  one of a number o f  symbol systems" (6). Present i n v e s t i g a t i o n s  
o f  coal  s t r u c t u r e  h a r d l y  conform t o  t h a t  d e f i n i t i o n  today, and t h e r e f o r e  h a r d l y  
deserve t h e  e p i t h e t  o f  Coal Science. 
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TABLE 1. CLASSIFICATION OF MICROLITHOTYPES 

M i  c r o l i  thotype 

V i t r i t e  
L i p t  i t e  
I n e r t i  t e  

Monomce ra  1 i c i 
i C1 a r i  t e  

V i t r i n e r t i  t e  
Dur i  t e  

Bimaceral i c  

Mace r a  1 

V i t r i n i t e  (V) 
L i p t i n i t e  (L) 
I n e r t i n i t e  ( I  

V + L  
v +  I 
I + L  

V + I + L  
V + I + L  
V + I + L  

Volume Percent 

> 95% 
> 95% 
> 95% 

> 95% 
> 95% 
> 95% 

, . v > ( I  + L)  
I > (L + V) 
L > ( I  + v )  

Carbomineri t e  V, L,  I and MM > 20%, < 60% 
Hineral  Matter (MM) 

TABLE 2. SELECTED PROPERTIES OF VITRINITES I N  
COALS OF DIFFERENT RANKS 

Moisture Capacity, W t . %  

Carbon, W t . %  DMMF 
Hydrogen, W t . %  DW4F 

Oxygen, W t . %  DMKF 
Vol. Mat., W t . %  DNMF 
Aromatic C/Total C 

Density (He, g/cc) 
Grindabi l  i t y  (tlardgrove) 
Btu/ l  b, DMMF 

B i t .  L ig.  Sub-Bit. 

4: 0 
69 

5.0 

24 

53 
0.7 
1.43 

48 
11,600 

25 
74.6 

5.1 
18.5 
48 
0.78 
1.. 39 

51 
12,700 

10 
83 

5.5 
10 
38 

0.84 
1.30 

61 
14,700 

Anth. 

< 5  
94 

3.0 

2.5 
6 

1 .o 
1.5 
40 

15,200 

DMMF = Dry, Mineral-matter- f ree basis. 
values f o r  rank c l a s s i f i c a t i o n .  
rank-independent and no t  shown. 

These are  t y p i c a l  
Su l fu r  and n i t rogen are  
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TABLE 3. PROPERTIES OF MACERALS COHPARED TO VITPINITE I N  SAME COAL 
(Subbituminous and H igh-Vo la t i le  Bituminous Only) 
Magnitude o f  property greater than (>), l e s s  than ( < I ,  o r  

equal t o  (=) t h a t  o f  associated v i t r i n i t e .  
I n e r t i n i  t e  

Semi - 
Fus in i t e  Fus in i t e  H i c r i n i t e  - -  

Optical  Propert ies 

Reflectance > > >  > 

F1 uorescence 

Chemical Structure 

Basic carbon s t ruc tu re  
Molecular weight 
H/C r a t i o  < 

H h l  iphat ic/H t o t a l  ;-CH2; 
hydroa roma t i c i  t y  
Fract ion aromatic C; r i ngs /un i t  

oxygenOH/oXygenTotal 

Unpaired spins by ESR 

Unpaired spins o f  f u s i n i t e  
w i th  same carbon as v i t r i n i t e  

React iv i t y  

Methane sorpt ion 
Decomposition temperature 
Oxidi  zabi 1 i t y  
Reduction w i th  L i  i n  E tDA 

< <  - 

> > 

< 

> 

> 

> 

< 

E x i n i t e  

< 

> 

- 
> 

> 

> 

< 

< 

< 
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FIGURE 2. PRINCIPAL MACERAL CLASSES 

SOURCE FAT1 I N  METAMORPHIC MACERAL MACERAL MICROSCOPIC IDENT. 
MATERIAL PEAT SWAMP EFFECTS SUBCLASS CLASS C R l l t R I A  IPOLISHEDI - -  - _ _ _  

Protein- Decomposes 
IContribules NI 

Deoxygenated 

Aromalized 
4 Vitr ini te ~ Vi tr ini te - Dominates. gray-while 

Angular. cel lular, bright 

-Fine grained. bright 

Ce,lulore, Charred - ? - Fusinile 

" W d "  
I Lignin, 

Decomposed- ? 

- Liptinile - Thin slr ipr. dark' 

e 
Lxiner -------c Incorporaled--c 

Resins-Incorporated ___) ? ___) Resinile - Spherical, dark' 

* In  Low-VoI Bituminous and Anthracites. Liptinile lndist inguirhable lrom Vitr ini te 

FIGURE 3. REFLECTANCE DISTRIBUTION OF MACERALS I N  TYPICAL COALS 

s 
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FIGURE 4. CORRELATION OF REFLECTANCE OF VlTRlNlTE 
AND CARBON CONTENT OF COALS. DATA FROM REF. 3 

CARBON, WT. PCT. , DRY, MINERAL-FREE 

FIGURE 5. CORRELATION OF ATOMIC H I C  AND O I C  FOR 
COALS OF DIFFERENT RANKS. DATA FROM REF. 3 

I 
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NATURE OF THE FREE RADICALS IN COALS, PYROLYZED COALS, 
AND LIQUEFACTION PRODUCTS 

H. L. Retcofsky, M. R. Hough 

Pittsburgh Energy Technology Center, U. S .  Department of Energy 
4800 Forbes Avenue, Pittsburgh, PA 15213 

R. B. Clarkson 

Varian Associates, Instrument Division 
611 Hansen Way, Palo Alto, CA 94303 

Electron spin resonance (ESR) spectrometry has been the favored instrumental tool 
to probe the nature of the free radicals in coals and materials derived from coal 
(1). Recently, it was shown that these free radicals are also amenable to study by 
- electron nuclear kuble resonance (ENDOR) spectrometry ( 2 , 3 ) .  
is becoming increasingly popular in free radical studies because frequently the 
resulting spectra are much more highly resolved than corresponding ESR spectra of 
the same materials ( 4 ) .  

As a first step toward elucidating the role of free radicals in the liquefaction of 
coal, the stable radicals present in coals, pyrolyzed coals, and liquefaction 
products require characterization. 
applied both the ESR and ENDOR techniques. For many of the samples examined, it 
was found that great care must be taken during sample preparation to ensure relia- 
bility of the spectral data. 

Coals. ESR measurements on non-anthracitic and young anthracitic coals can be made 
with little difficulty. It is best to evacuate the samples since it has been shown 
that the ESR spectra of fusains, petrographic constituents found in nearly all 
coals, are quite sensitive to the presence of absence of air (oxygen) in the sample 
( 5 ) .  Contrary to other evidence in this report (5 ) ,  high rank anthracites and 
meta-anthracites do require dilution of the samples with a non-conducting medium to 
prevent errors in ESR measurements due to microwave skin effects. For example, the 
ESR intensity of a meta-anthracite from Iron County, Michigan increased signifi- 
cantly rather than decreased after the sample was diluted with KBr. 

For non-anthracitic coals, the observed variation of the ESR g value with coal rank 
suggested that the naturally occurring radicals in coals become more "hydrocarbon- 
like" as coalification progresses (6). Evidence supporting this hypothesis is 
depicted in Figure 1. The plot of ESR g values vs oxygen contents of the coals 
suggests that the unpaired electrons in low rank coals interact with oxygen atoms 
in the sample. Statistical treatment of the data revealed that the g values of 
only two of the coals fall outside the area bounded by the dashed lines drawn 5 
twice the standard error of estimate from the linear regression line. 
coals are somewhat unique in that they contain an usually high content of organic 
sulfur (7). In the second plot of Figure 1, the abscissa has been changed to re- 
flect the sum of the oxygen and sulfur contents of the coals, (each element being 
weighted according to its spin-orbit coupling constant). This latter plot exhibits 
much better statistics, suggesting that the unpaired electrons interact with sulfur 
as well as with oxygen. Attempts to extend the statistical treatment to nitrogen 
in the samples were inconclusive. 

Pyrolyzed Coals. 
lyzed coals (1). At least two groups of investigators ( 8 , 9 )  have reported g values 
less than that of the free electron for certain coals heated to commonly used 
liquefaction temperatures. 

The ENDOR technique 

In the present characterization study we have 

These two 

A number of investigators have applied ESR techniques to pyro- 

One group ( 9 )  attributed these low g values to the 
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presence of sigma r a d i c a l s .  
lar  g va lue  dependence w i t h  heat- t reatment  temperature  f o r  hvAb c o a l  from t h e  
Ireland Mine ( P i t t s b u r g h  bed) i n  West V i r g i n i a .  

It had been shown p r e v i o u s l y ( 1 0 ) t h a t  i n c o r r e c t  ESR g v a l u e s  were obta ined  f o r  
hea t - t rea ted  s u c r o s e  i f  proper  d i s p e r s a l  techniques were not  used. 
mind, w e  measured t h e  e f f e c t  of sample d i l u t i o n  on the  apparent  g va lue  of I re land  
Mine coal  hea t - t rea ted  t o  450°C. The r e s u l t s ,  shown i n  F igure  2 ,  show t h a t  t h e  
t r u e  g v a l u e  of t h e  sample i n  ques t ion  i s  a c t u a l l y  h igher  than t h a t  of t h e  f r e e  
e lec t ron .  This  sugges ts  t h a t  g r e a t  c a r e  must be exerc ised  when apply ing  ESR tech-  
niques t o  h e a t - t r e a t e d  c o a l s .  
t o  t h e  i n  s i t u  ESR s t u d i e s  of c o a l  p y r o l y s i s  and c o a l  l i q u e f a c t i o n  planned by many 
l a b o r a t o r i e s .  

L iquefac t ion  Products .  A few ESR s t u d i e s  of l i q u e f a c t i o n  products  from c o a l  have 
been reported (6,11,12). One group of i n v e s t i g a t o r s  (6) concluded from ESR s t u d i e s  
of coal-derived a s p h a l t e n e s  t h a t  charge- t ransfer  i n t e r a c t i o n s  a r e  r e l a t i v e l y  unim- 
por tan t  b inding  f o r c e s  between t h e  a c i d / n e u t r a l  and base  components. 

ESR r e s u l t s  from o u r  on-going e f f o r t s  t o  e l u c i d a t e  the  changes i n  chemical s t r u c -  
t u r e  t h a t  occur  d u r i n g  c o a l  l i q u e f a c t i o n  a r e  given i n  Table  1. The samples exam- 
ined  were obta ined  from a l i q u e f a c t i o n  r u n  i n  t h e  P i t t s b u r g h  Energy Technology 
Center ' s  10 l b  c o a l / h r  process  development u n i t  (13). 
added c a t a l y s t .  The samples included the process  coa l  and its pyr id ine  e x t r a c t ,  
and the preasphal tenes ,  asphal tenes ,  and o i l s  separa ted  from t h e  cent r i fuged  l i q u i d  
product. 
process  c o a l  < preasphal tenes  >> asphal tenes  > o i l s .  The g v a l u e s  suggest  t h e  
presence of "hydrocarbon-like' '  r a d i c a l s  with perhaps some i n t e r a c t i o n  between t h e  
unpaired e l e c t r o n s  and heteroatoms i n  the asphal tene  and o i l  f r a c t i o n s .  The l i n e  
widths  appear  t o  i n c r e a s e  ( a t  least c rude ly)  wi th  i n c r e a s i n g  hydrogen conten ts  of 
t h e  samples. 

ENDOR Studies .  In c o n t r a s t  t o  t h e  ESR s p e c t r a  of  c o a l s ,  which g e n e r a l l y  c o n s i s t  of 
a s i n g l e  l i n e  devoid of any reso lvable  f i n e  s t r u c t u r e  due t o  hyper f ine  i n t e r a c -  
t i o n s ,  the ENDOR s p e c t r a  ( a t  least i n  t h e  p r e s e n t  s tudy)  are r i c h  i n  d e t a i l  (Figure 
3 ) .  These r e s u l t s  are q u i t e  s u r p r i s i n g  i n  l i g h t  o f  s p e c t r a  publ ished several 
months ago which showed only  a s i n g l e  band a t  t h e  so-ca l led  f r e e  proton frequency 
( 2 ) .  
crepancy of r e s u l t s ,  we found a r e v e r s i b l e  e f f e c t  of a i r  (oxygen) on t h e  ENDOR 
spectrum, i .e . ,  t h e  hyper f ine  l i n e s  were observed f o r  evacuated samples, but d i s -  
appeared upon admission of  a i r  t o  t h e  samples. 

The f a c t  that an ENDOR spectrum is observed under t h e  experimental  condi t ions  
employed is unambiguous proof t h a t  t h e  unpaired e l e c t r o n s  i n  t h e  coal  couple with 
nuclear  s p i n s ,  undoubtedly protons,  i n  the sample. This  provides  a d d i t i o n a l  sup- 
p o r t  f o r  t h e  f r e e  r a d i c a l  i n t e r p r e t a t i o n  of t h e  ESR spectrum. The magnitude of t h e  
hyper f ine  i n t e r a c t i o n s ,  i .e . ,  none g r e a t e r  than  1 0  gauss ,  i n d i c a t e s  that none of 
t h e  r a d i c a l s  has  a h igh  unpaired e l e c t r o n  s p i n  d e n s i t y  a t  a p a r t i c u l a r  carbon atom. 

During t h e  p r e s e n t  i n v e s t i g a t i o n ,  w e  observed a s i m i -  

With t h i s  i n  

This problem w i l l  undoubtedly present  some o b s t a c l e s  

The run w a s  made without  

It can b e  seen t h a t  the f r e e  r a d i c a l  c o n t e n t s  change i n  the  order :  

I n  an a t tempt  t o  exper imenta l ly  deduce t h e  reasons  f o r  t h i s  apparent  d i s -  



Table 1. MAF analyses, carbon aromaticities, and electron spin resonance 
data for materials produced from the liquefaction of West Virginia 
(Ireland Mine) hvAb coal in the Pittsburgh Energy Technology 
Center's 10 lb coal/hr process development unit. 

COAL PREASPHALTENES ASPHALTENES 
Solid Pyridine 
Coal - 

MAF Analysis, X 

C 78.5 

H 5.6 

0 9.7 

N 1.2 

S 4.9, 

fa 0.7&' 

ESR Data 

Free Spins/Gram 1. 4 x d 9  

g value 2.00277 

Linewidth, gauss 5.9 

Extract 

81.7 

5.9 

8.0 

1.9 

2.6 

0.73- 1/ 

18 9.OxlO 

2. 00312 

5.7 

86.9 

5.1 

4.8 

2.2 

0.9 

0.84- 1/ 

19 2.0xlO 

2.00279 

6.6 

87.3 

6.3 

3.6 

2.0 

0.9 

0.77- 2/ 

18 2.4~10 

2.003Z9 

7.3 

OILS 

86.6 

8.2 

3.3 

1.2 

0.7 

0.63- 2 /  

9 . 4 ~ 1 0 ~ ~  

2.00307 

8.7 

I/fa determined by cross-polarization I3C NMR. 

2Jfa determined by high-resolution 13C. FT NMR. 
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A T e n a t i v e  Iden t i f i ca t ion  of A v e r a g e  A r o m a t i c  Ring 
Size in  a n  Iowa V i t r a i n  and  a Vi rg in i a  V i t r a i n  

B. C. G e r s t e i n ,  L. M. Ryan, a n d  P. Dubois M u r p h y  

A m e s  L a b o r a t o r y ,  U. S. D e p a r t m e n t  of Ene rgy ,  a n d  

A m e s ,  Iowa 50011 
D e p a r t m e n t  of C h e m i s t r y ,  Iowa S ta t e  Un ive r s i ty  

In t roduc t ion  
A knowledge of t h e  a v e r a g e  a r o m a t i c  r i n g  s i z e  i n  c o a l s  is use fu l  not on ly  in  indi-  

ca t ing  the a p p r o p r i a t e  c h e m i s t r y  o n e  m i g h t  u s e  f o r  c o n v e r s i o n  to  f u e l  o i l ,  bu t  a l s o  
as a n  i n d i c a t o r  of p o s s i b l e  phys io log ica l  e f f ec t s  of c o n t a c t  wi th  c o a l s  and  c o a l  p rod-  
u c t s .  In p r inc ip l e ,  NMR o f f e r s  t h e  capab i l i t y  of a d i r e c t  d e t e r m i n a t i o n  of a v e r a g e  
r i n g  s i z e  v i a  a n  iden t i f i ca t ion  of t h e  f r a c t i o n s  of I3C a n d  'H i n  coa l s .  T h r e e  f a c t o r s  
p r e v e n t  u s e  of conven t iona l  NMR f o r  t h i s  p u r p o s e  i n  so l id  c o a l s .  
e f f ec t  of h o m o n u c l e a r  and  h e t e r o n u c l e a r  d ipo la r  i n t e r a c t i o n s  which  l e a d  to  l inewidths  
of h u n d r e d s  of p p m  f o r  both 1H a n d  13C i n  so l id  coa l s ( l a*b) .  
t h a t  e v e n  in  the  a b s e n c e  of d i p o l a r  b roaden ing ,  c h e m i c a l  sh i f t  a n i s o t r o p i e s  of 'H can 
b e  a s  l a r g e  as 34  ppm(') f o r ,  e .  g. t he  s i n g l e  s p e c i e s  'H i n  HZO(s ) ,  s u c h  t h a t  a r a n -  
d o m l y  o r i e n t e d  so l id  s a m p l e  con ta in ing  m a n y  p r o t o n s  i n  d i f f e ren t  c h e m i c a l  env i ron -  
m e n t s  would exhib i t  a n  NMR s p e c t r u m  i n  which  ind iv idua l  p ro tons  could  not be  e a s i l y  
iden t i f i ed .  A s i m i l a r  s t a t e m e n t  a p p l i e s  to  NMR s p e c t r a  of 13C in s o l i d s .  
f a c t o r  pecu l i a r  to  c o a l s  is  the  p o s s i b i l i t y  of a n  e n o r m o u s  n u m b e r  of c h e m i c a l l y  
sh i f t ed  s p e c i e s  of a g iven  nuc leus ,  l ead ing  t o  NMR s p e c t r a  which a r e  s t i l l  s e v e r e l y  
ove r l app ing  i n  t h e  a b s e n c e  of b r o a d e n i n g  due  t o  d i p o l a r  and chemical s h i f t  i n t e rao t ions .  

o !ar iza t ion  t o  e n h a n c e  s e n s ~ t i v i t y ( ~ )  c o m b i n e d  with 
s t r o n g  h e t e r o n u c l e a r  d e c o ~ p l i n g ( ~ ? a n d  m a g i c  ang le  sp inn ing(5 )  t o  remove heteronuclear 
d i p o l a r  b r o a d e n i n g  a n d  c h e m i c a l  sh i f t  a n i s o t r o p y  b roaden ing  a r e  u s e d  t o  d i s t ingu i sh  
a l i p h a t i c  f r o m  a r o m a t i c  13C i n  P o c a h o n t a s  # 4  v i t r a i n ,  a n d  S t a r  v i t r a i n .  
ro t a t ion  and  mul t ip l e  pu l se  ( N M R )  s p e c t r o s c o p y  ( C R A M P S ) ( 6 )  a r e  s i m i l a r l y  u s e d  to 
n a r r o w  NMR s p e c t r a  of lH in  t h e s e  c o a l s .  
13C thus  i n f e r r e d  a r e  u s e d  to  e s t i m a t e  a n  a v e r a g e  a r o m a t i c  r ing  s i z e  in  the  s a m p l e s  
inves t iga t ed .  

E x p e r i m e n t a l  

T h e  f i r s t  is the 

T h e  s e c o n d  i s  t he  f a c t  

A t h i r d  

In the p r e s e n t  work ,  c r o s s  

Coml)ined 

T h e  r a t i o s  of a l ipha t i c  to  a r o m a t i c  and 

T h e  NMR s p e c t r o m e t e r  u s e d  f o r  d e t e r m i n a t i o n s  of s p e c t r a  of both lH and  13C h a s  
8). p r e v i o u s l y  b e e n  d e s c r i b e d ,  ( l a )  a s  h a v e  t h e  p r o b e s  u s e d  f o r  m a g i c  ang le  

T h e  Vi rg in i a  c o a l  ' P o c a h o n t a s  # 4 " w a s  supp l i ed  by H. L. Re tco f sky  of the  P i t t sbu rgh  
E n e r g y  R e s e a r c h  c e n t e r  of t h e  U. S. D e p a r t m e n t  of E n e r g y .  
I o w a  c?al ' 5 t a r " w a s  supp l i ed  by Dr .  D. L. Biggs of the  Iowa S ta t e  Un ive r s i ty  De-  
p a r t m e n t  of E a r t h  S c i e n c e s  a n d  t h e  A m e s  L a b o r a t o r y  of t h e  U. s. D e p a r t m e n t  of 
E n e r g y .  
p r e v i o u s l y  r e p o r t e d .  (l) R e s u l t s  of t h e s e  a n a l y s e s  a r e  g iven  in  T a b l e  I. 

A v i t r a i n  po r t ion  of the 

T h e  c o a l s  w e r e  a n a l y z e d  f o r  m a j o r  cons t i t uen t s  and  f r e e  r a d i c a l  con ten t  a s  

R e s u l t s  
The high r e s o l u t i o n  so l id  s t a t e  s p e c t r a  of 13C in  both c o a l s  a r e  shown i n  F i g u r e l .  

T h e  h igh  r e so lu t ion  so l id  s t a t e  s p e c t r u m  of lH i n  2 , 6  dimethylbenzoic ac id  is shown in 
F i g u r e  2,  a s  an  ind ica t ion  of t he  r e s o l u t i o n  a v a i l a b l e  with e q u i p m e n t  u s e d  i n  the p r e s -  
e n t  e x p e r i m e n t s .  

90 
T h e  high r e s o l u t i o n  s o l i d  s t a t e  s p e c t r a  of 1H in both c o a l s  a r e  



shown i n  Figures  3 and 4 .  Also ind ica t ed  i n  Figures  2 - 4 are t h e  Lorentzian 
l i n e s  used t o  approximate the  t o t a l  experimental  s p e c t r a ,  i nd ica t ed  by c rosses  
(t), and the  sum of these  l i n e s  ind ica t ed  by the  smooth curve through the 
experimental  po in t s .  

I 
[> 

The mole r a t i o s  o f  aromatic  hydrogen t o  aromatic  carbon implied by the  
, elemental  analyses  given i n  Table I ,  and t h e  f r a c t i o n s  of aromatic  t o  t o t a l  hydrogen 

and carbon ca l cu la t ed  from t h e  r e s u l t s  of e s t ima t ing  the  in t eg ra t ed  a r e a s  
a s soc ia t ed  with these spec ie s  as shown i n  Figures  2 - 4 y i e l d  the  fol lowing 

these 
numbers seem a b i t  s u r p r i s i n g ,  because Pocahontas,  having t h e  h ighe r  carbon con ten t ,  
is  a n  o l d e r  c o a l ,  and one would expect  a l a r g e r  r i n g  s i z e  t o  correspond to  t h e  
more "grapni t ized" ma te r i a l .  A h i t  o f  r e f l e c t i o n ,  a s  i l l u s t r a t e d  by t h e  e n t r i e s  
i n  Table  11, might h e l p  t o  remove the  amhigriity. 

i 

/ values  f o r  (H~~/c , , ) :  Pocahontas 8 4 ,  0.53; S t a r ,  0.40. A t  f i r s t  thought ,  

TARE I 

Elemental  ana lyses ,  W t L  ( m a f ) ,  f r e e  r a d i c a l  concen t r a t ion ,  and f r a c t i o n s  
of aromatic  hydrogen and carbon. 

SAMPLE 

I' 

xs Ce ' J ,  s p i n s  g - 'xlo -19 a 
A r A r  

f C  f H  % C  %H %N - -  - -  - -  
Pocahontas #4 90.3(2) 4 . 4 3 ( 4 )  1.28 0.85 4 
V i t r a i n  

0.86 0.77 

S t a r  V i t r a i n  77.0(1) 6.04(4) 1.17(14) 5 .02  1.6 0.71 0.31 

a 
Determination made o n  unheated sample 

Table  I1 

Average aromatic r i n g  s i z e  as a func t ion  of H A ~ / C A ~  and connec t iv i ty  

0 .83 0.70 a 
0.60 

& 
0 . 4 2  

0.40 +%& 
0.41 

@ 
0 .35  

I 



i 
The p o i n t  t o  be made from Table I1 i s  t h a t  the  average a romat ic  r i n g  

s i z e  i n f e r r e d  from t h e  a r o m a t i c  hydrogen t o  carbon r a t i o s  depends a good 
d e a l  upon the  number of s i d e  c h a i n s ,  o r  f u n c t i o n a l  groups,  i n d i c a t e d  by 
t h e  symbol fv i n  T a b l e  I1 , connected t o  t h e  r i n g  i n  ques t ion .  We s e e  t h a t  
a value of 0.53 f o r  t h i s  r a t i o  is not  i n c o n s i s t e n t  w i t h  an average  r i n g  s i z e  
of  t h r e e ,  w i t h  two connec t ions  p e r  polyaromatic r i n g .  On t h e  o t h e r  hand, a value 
o f  0.40 i s  not i n c o n s i s t e n t  w i t h  an average  r i n g  s i z e  of two, w i t h  f o u r  
connections p e r  po lyaromat ic  r i n g . ( b u t  is a l s o  not  i n  disagreement w i t h  a n  average 
ring s i z e  of  f o u r  t o  s i x ,  as i n d i c a t e d  i n  the  f o u r t h  column o f  Table 11). 
O u r  p resent  p r e j u d i c e  i s  t h a t  t h e  average polyaromatic hydrocarbon r i n g  s i z e  in  
t h e  o l d e r  c o a l  should  b e  g r e a t e r  than  t h a t  i n  t h e  younger. With what we f e e l  a r e  
reasonable  v a l u e s  f o r  c o n n e c t i v i t i e s ,  w e  thus  i n f e r  t h a t  t h e  average  polyaromatic 
hydrocarbon r i n g  s i z e  i n  Pocahontas t 4  i s  no g r e a t e r  than  t h r e e ,  and t h a t  i n  
S t a r  no g r e a t e r  t h a n  t w o ,  t h e  va lues  t h u s  i n f e r r e d  being dependent upon t h e  
assumption t h a t  on  t h e  average .  t h e  younger c o a l  has more a l i p h a t i c  c h a i n s  
a t t a c h e d  t o  t h e  r i n g s .  I n f e r e n c e  from 1% s p e c t r a  a l o n e  y i e l d  similar va lues(9) .  

O n e  source  o f  e r r o r  i n  t h e  above i n f e r e n c e s  is  t h e  f r a c t i o n  a romat ic  carbon, 
s i n c e  it is known t h a t  n o t  a l l  carbon are p o l a r i z e d  i n  c r o s s  p o l a r i z a t i o n  experi-  
ments ( l0) .  A second most obvious source  of  e r r o r  is  t h e  accuracy  of r e s o l v i n g  
t h e  high r e s o l u t i o n  s o l i d  state s p e c t r a  of  protons i n  these  c o a l s .  The former 
e r r o r  would tend  t o  i n c r e a s e  t h e  r i n g  s i z e  on t h e  average ,  s i n c e  i t  is q u i t e  
probable t h a t  the carbons  n o t  s e e n  i n  c r o s s  p o l a r i z a t i o n  experiments a r e  i n  t h e  
neighborhood of s t a b l e  f r e e  r a d i c a l s ,  c h a r a c t e r i z e d  by r e l a t i v e l y  l a r g e  polyaromatic 
hydrocarbon r i n g s .  Re laxa t ion  t i m e s  o f  pro tons  under t h e  s p i n  locking  condi t ions  of 
t h e  c ross  P o l a r i z a t i o n  experiments('') may be s u f f i c i e n t l y  s h o r t  t o  o b v i a t e  
e f f e c t i v e  c r o s s  p o l a r i z a t i o n .  Spin  count ing  of  pro tons  wi th ,  and wi thout  

t h e  p r e s e n t  samples a r e  be ing  d e t e c t e d  under t h e  h igh  r e s o l u t i o n  s o l i d  s t a t e  
techniques used i n  t h e  p r e s e n t  work. 

Strong h o ~ ~ n o c l e ~ r  decnupling indicates t h a t  a t  Least 95'1 of t h e  protons i" 
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H in POCAHONTAS #4 VITRAIN 

fAr = 0.71 
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Temperature Dependence o f  'H NMR Absorpt ion i n  Coal and P i t c h  

Kunio tliyazawa, Tetsuro Yokono, Yuzo Sanada 

Coal Research I n s t i t u t e ,  Facu l t y  o f  Engineering, 
Hokkaido U n i v e r s i t y ,  Sapporo, 060, Japan 

I n t r o d u c t i o n  
Many k inds  o f  r e a c t i o n s  such as p y r o l y s i s ,  depolymer izat ion,  condensation 

occu r  s imul taneously  i n  comp l i ca ted  way when coa l  and t a r  p i t c h  a re  heated over  
temperature range from 350°C t o  500°C. I n  o rde r  t o  understand the  processes o f  
coa l  l i q u e f a c t i o n  and coal  ca rbon iza t i on ,  i t  i s  impor tan t  t o  c l a r i f y  t he  char- 
a c t e r i s t i c s  o f  r e a c t i o n  behaviors  f o r  coal  and t a r  p i t c h  over  t h e  temperature 
range. 

duce va r ious  k inds o f  mesophase a t  t h e  e a r l y  stages o f  ca rbon iza t i on  [ l -31.  
The mechanisms o f  many chemical r e a c t i o n s  and p h y s i c a l  t rans fo rma t ions  r e l a t i n g  
t o  mesophase fo rma t ion  a r e  s t u d i e d  by quenching techniques. 
n iques  as p o l a r i z e d  l i g h t - m i c r o s c o p y  and so on can be ext remely f r u i t f u l .  
t h e  o t h e r  hand, d i r e c t  obse rva t i on  o f  phenomena a t  r e a c t i o n  temperatures may 
y i e l d  more e a s i l y  i n t e r p r e t a b l e  o r  more r e l e v a n t  r e s u l t s .  L ine  shape o f  NMR c o r -  
responding t o  m o b i l i t y  o f  molecule and/or  segment i n  coal and t a r  p i t c h  have been 
measured a t  the temperature range o f  mesophase format ion.  

a r o m a t i c i t y  ( fHa)  a t  h ighe r  temperature o c c u r r i n g  p y r o l y s i s  and ca rbon iza t i on .  
Th is  paper deals  w i t h  obse rva t i on  o f  reso lved  NMR spec t ra  corresponding t o  aro- 
m a t i c  and a l i p h a t i c  p ro tons  a t  h i g h  temperatures i n  a t a r  p i t c h .  High reso lu -  
t i o n  NMR spec t ra  f o r  t h e r m a l l y  decomposed p o l y v i n y l  c h l o r i d e  were observed by 
S. Shimokawa e t  a l .  [4 ]  ove r  the  temperature range from 350°C t o  450°C u s i n g  t h e  
sazeappar3tu; a t  Hokkaido U n i v e r s i t y .  

I t  i s  w e l l  known t h a t  p i t c h ,  s o l v e n t  r e f i n e d  c o a l  (SRC) and cok ing  coa l  p r o -  

Such research tech-  
On 

No r e p o r t  has been appeared on d i r e c t  measurement o f  change o f  hydrogen 

Exper imenta l  
The experiments were done by us ing  a Bruker  Sxp 4-100 pu lsed  F o u r i e r  t rans -  

fo rm (FT)  spect rometer  w i t h  a h i g h  temperature probe and an improved JEOL 3H 
e lect romagnet  (0.88T) w i t h  a 60 mm gap o p e r a t i n g  a t  36.4 MHz f o r  t h e  1 H  NMR. 
I n  order  t o  improve t h e  r e s o l u t i o n  o f  a spectrum a t  h i g h  temperatures, a home- 
b u i l t  shim system was used [4]. 
i n g  gas system a r e  i l l u s t r a t e d  i n  F ig.  1. The samples as rece ived  were heated 
i n  t h e  h i g h  temperature probe and NMR spec t ra  were ob ta ined  s imul taneously .  
hea t - t rea tmen t  was done b e f o r e  measurements. Kureha p i t c h  was heated a t  10°C min- 
and t h e  o t h e r s  were heated a t  5°C min-1 t o  va r ious  g iven temperatures under n i t r o -  
gen gas f l u s h i n g .  I n  the  case o f  t he  reso lved  NMR spec t ra  f o r  e thy lene  t a r  p i t c h ,  
t h e  hea t ing  r a t e  employed was 2°C min-1. 
s t u d i e d  a r e  shown i n  Table 1. 

O u t l i n e s  o f  t he  h i g h  temperature probe and f l ow-  

NO 

C h a r a c t e r i s t i c s  o f  a l l  samples so f a r  

Resu l t s  and d i s c u s s i o n  
Temperature dependence o f  mo lecu la r  and/or  segmental mo t ion  

ReDresentative o r o t o n  NMR soec t ra  f o r  coa ls  and s o l v e n t  e x t r a c t s  f rom Coal 
a r e  shown i n  F ig .  2.' Apparently; t h e r e  i s  no s t r u c t u r e  i n  t h e  l i n e s .  
i n g  temperature produces changes i n  the  spec t ra .  
en ing behav io r  q u a n t i t a t i v e l y ,  t h e  values o f  t h e  l i n e  w id ths  a t  h a l f - h e i g h t  
( \Hi  2 )  were u t i l i z e d .  Temperature dependence o f  i s  shown i n  F ig .  3. It 
i s  o6vious t h a t  t h e r e  a re  t h r e e  d i f f e r e n t  groups w i t h  respec t  t o  temperature 
dependence o f  1H1/2. The va lue  o f  1H1/2 o f  t he  f i r s t  group t o  which Ta ihe i yo  
coa l  belongs decreases and then  increases r a p i d l y  wi th  i n c r e a s i n g  temperature. 
The behavior  o f  4H1/2 o f  t he  second group, Yubar ish inko coa l  and 6-component 
( p y r i d i n e  so lub le ,  c h l o r o f o r m  i n s o l u b l e  f r a c t i o n  o f  a coal [5]) o f  Yubar ish inko 
coal ,  resembles t h a t  o f  t h e  f i r s t  group, b u t  the curve o f  \Hi12 i s  s h i f t e d  t o  
h i g h e r  temperatures. 
b l e ,  ch lo ro fo rm s o l u b l e  f r a c t i o n  o f  a coa l  [ S I )  o f  Yubar ish inko coa l ,  coal  t a r  
p i t c h  and e thy lene  t a r  p i t c h ,  i n d i c a t e s  t h a t  t he  va lues of 

Increas-  
I n  o r d e r  t o  d i scuss  the  broad- 

The t h i r d  group, which i nc ludes  y-component ( p y r i d i n e  so lu -  

remain sma l l  ove r  
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i 

t 

I; 

a wide temperature range. 
them a re  mobile throughout the temperature range. 

of polarized-light microscopy. 
d i f ica t ion  from a l iquid phase proceeds t h r o u g h  the separation of an op t i ca l ly  
anisotropic mesophase. 

Optically anisotropic textures of mesophase from the samples heat-treated 
a t  the ear ly  stages of carbonization a re  classified in to  f ive  types corresponding 
to  isotropic,  f ine  mosaic, coarse mosaic, f ibrous and domain. I t  has been found 
tha t  there i s  a close re la t ion  between the sp in - l a t t i ce  relaxation time, Ti,  ob- 
served w i t h  pulsed FT NMR a t  room temperature and microstructure of mesophase, 
transformed from the parent matrix of coal.  That i s ,  the longer the  relaxation 
time i s ,  the more su f f i c i en t  the growth of mesophase from the matrix occurs as 
shown in Table 1. The parent materials,  which give the fibrous/domain tex ture  
a t  the ear ly  stages of carbonization, have the  longest relaxation time so f a r  as  
being described in the tab le .  There i s  a l so  an excellent re la t ion  between the 
microstructure of mesophase and the temperature dependence of \ H 1 / 2 .  
mum value of the l i ne  width a t  half-height with respect t o  the temperature depen- 
dence of IH1/2 i s  expressed as  lH1/2,min and used fo r  characterization of meso- 
phase texture.  IH1/2,min of i so t ropic  mesophase is  la rger  than t h a t  o f  coarse o r  
fibrous/domain mesophase and the temperature of i so t ropic  mesophase corresponding 
t o  IHl/z,min i s  lower than tha t  of f i ne  mosaic mesophase. The values of IH1/2 
in coarse mosaic o r  fibrous mesophase keep small over a wide temperature range 
(see Fig. 3 ) .  
textures concerning the broadening behavior of N M R .  

Regarding the concentration of f r ee  rad ica ls  and the l i ne  width, these values 
remain almost constant u p  t o  about 400°C f o r  coals of d i f fe ren t  rank [SI .  
fore,  i t  seems tha t  the contribution of f r ee  rad ica ls  on the NMR l i ne  width i s  
n o t  so important as tha t  of the proton dipole-dipole in te rac t ion .  

A t  higher temperatures we estimate the value o f  T1 following 

where t i s  the time a t  the amplitude of the Free Induction Decay (FID) following 
the 90" pulse being equal to  zero. 
experiment. 

Fig. 4 shows the re la t ion  between the Ti of ethylene t a r  pitch and the inverse 
of temperature. 
a ture .  I t  decreases with the increase of temperature, and reaches a m i n i m u m  
value a t  about 15OOC. As i s  shown i n  the f igure ,  TI  has  a maximum value of 190 ms 
a t  34OoC, and decreases rapidly with the increase of temperature. 

I t  is  c lear ly  marked tha t  the aromaticity of e thylene  t a r  pitch increases 
with increase of temperature a t  340'C and the formation of mesophase f o r  the 
sample heat-treated becomes observable by an optical  microscope. Rotational cor- 
re la t ion  time fo r  aromatic lamellae, which a r e  stacking para l le l  each o ther  in 
the mesophase, i s  long due t o  being in r ig id  s t a t e .  Accordingly Ti becomes shor t .  
However, more detailed discussion will  be made w i t h  fu r ther  experiments. 
NMR l i ne  simulation by means of computer 

A proton NMR spectrum from Kureha pitch a t  450°C (15 m i n )  ( a )  and a com- 
parison of the experimentally observed spectrum with a computer simulated spect-  
rum ( b )  are i l l u s t r a t ed  i n  Fig. 5. 
t ens i ty  in the wings o f  the l i ne ,  and the r a t i o  of the width a t  one-eighth height 
t o  t h a t  a t  one-half height, indicated by the symbol R(8/2) ,  i s  6.4 T h e  r a t i o  fo r  
a pure Lorentzian l i ne  i s  2.64 and f o r  a pure Gaussian l i ne  i s  1.73 [7]. 
of computer simulation the N M R  l i ne  f o r  the mesophase in Kurehapitch i s  composed 
of a t  l e a s t  three d i f f e ren t  components, i . e .  one Gaussian component with value of 
proton spin-spin relaxation time T2=7 microseconds and two Lorentzian components 
with those of T2=210 and 636 microseconds a t  36.4 MHz, respectively.  
a re  a l so  estimated as 0.85, 0.05 and 0.10, respectively.  
early stages of carbonization contains 85 percent r i g id  s t ruc tures  from the view 
point of general NMR behavior [8]. 

In some liquid crystal  systems broad pa r t i a l ly  resolved spectra w i t h  l i t t l e  
s t ruc ture  a t t r ibu ted  to  proton dipole-dipole in te rac t ion  have been observed [9-111. 
On the other hand, such spectra were not observed in t h i s  study, so t h a t  the 

This suggests t h a t  the molecules and/or segments in 

The carbonization process a t  low temperatures has been studied by the method 
The formation of low temperature carbons by so l i -  

The mini- 

B u t  no d is t inc t ion  was observed between coarse mosaic and fibrous 

There- 

equation, 
t=T11 n 2  

Pulse sequence used was 180°-r-900 i n  this 

Ti of ethylene tar  pitch has the value o f  400 nis a t  room temper- 

The spectrum ( a )  contains considerable in- 

By means 

The f rac t ions  
Kureha pitch a t  the 
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o r d e r i n g  parameters o f  t h e  samples employed would be expected t o  be v e r y  smal l .  
Th i s  r e s u l t  i s  compat ib le  w i t h  t h a t  o f  ESR s tudy  r e p o r t e d  by Yamada e t  a1.[12]. 
Resolved NMR s e c t r a  a t  thermal decomposi t ion temperature 

system was a t tached w i t h  the  magnet o f  NMR spectrometer.  
f o r  e thy lene t a r  p i t c h  a r e  shown i n  F ig ,  6. 
resonance w i t h  no r e s o l v e d  s t r u c t u r e  becomes observable.  
t h e  NMR spectrum shows two d i s c r e t e  l i n e s  apparent ly ,  200 Hz apar t .  
l i n e s  correspond t o  t h e  resonance due t o  a romat ic  and a l i p h a t i c  protons. 
ment o f  t h e  two peaks was done by  comparing w i t h  the  ones o f  a pure compound, 
acenaphthylene, wh ich  has t h e  va lue  o f  0.75 hydrogen a r o m a t i c i t y  ( fHa).  
208"C, t h e  NMR spectrum becomes narrow and s e p a r a t e l y  due t o  t h e  r a p i d  tumbl ing  
o f  molecule i n  e t h y l e n e  t a r  p i t c h .  T h i s  suggests t h a t  t h e  molecules e x h i b i t  t he  
random mot ion  s i m i l a r  t o  t h a t  i n  i s o t r o p i c  s o l u t i o n  and t h e  va lue  o f  t h e  d i p o l a r  
tensor  over  a l l  o r i e n t a t i o n  i n  them i s  almost zero i n  t h e  v i c i n i t y  o f  t h i s  tem- 
pera ture .  
carbons r e f e r  t o  a r o m a t i c  r i n g s  were n o t  ab le  t o  observe a t  t h e  h i g h e r  tempera- 
tu res ,  because o f  s u p e r p o s i t i o n  o f  p ro tons  hav ing  v a r i o u s  chemical s h i f t s .  

The i n t e n s i t y  o f  a l i p h a t i c  protons i s  h i g h e r  than t h a t  o f  a romat ic  ones up 
t o  208"C, a t  which t h e  i n t e n s i t y  change i s  observable.  
t o  e l u c i d a t e d  f rom t h e  i n t e n s i t y  o f  t h e  s p l i t t e d  spec t ra .  
merge and broaden r a i s i n g  a t  about 430OC. 
pera tures  a c c e l e r a t e s  t h e  degree of broadening o f  t h e  spectrum. 
d i f f i c u l t  t o  observe the  spectrum i n  the  range o f  a usua l  h igh  r e s o l u t i o n  NMR 
sweep w id th .  

The spectrum o b t a i n e d  w i t h  a w ider  sweep w i d t h  (25kHz) a r e  shown i n  F i g .  
7. For t h e  spectrum i n  the  f i g u r e ,  t he  r a t i o  o f  t h e  w i d t h  a t  one-e igh t  h e i g h t  
t o  t h a t  a t  o n e - h a l f  h e i g h t ,  i n d i c a t e d  by the  symbol R(8/2),  i s  7.0. Th is  l i n e  
shape i s  designated as "Super L o r e n t z i a n "  [13] which conta ins  cons iderab le  i n ten -  
s i t y  i n  the  wings of t h e  l i n e .  A f t e r  t h e  measurement o f  t he  NMR spec t ra  a t  470"C, 
the  sample was immedia te ly  quenched t o  room temperature and observed by p o l a r i z e d  
l igh t -mic roscopy .  And i t  was conf i rmed t h a t  t h e  b u l k  mesophase was produced a t  
470°C. 

When a magnet ic f i e l d  i s  app l ied ,  i t  i s  known t h a t  t he  d i r e c t i o n  o f  a l i g n -  
ment of c-axes o f  mesophase spherules i s  a l i g n e d  perpend icu la r  t o  t h a t  o f  the 
magnetic f i e l d  by i n t e r a c t i n g  magnetic a n i s o t r o p y  o f  polycondensed aromat ic  mo- 
l ecu les  w i t h  t h e  magnet ic f i e l d  a p p l i e d  [14]. On h e a t i n g  o f  e thy lene t a r  p i t c h  
beyond 430°C i n  a magnet ic f i e l d ,  a d i p o l a r  t e n s o r  i s  o n l y  p a r t i a l l y  averaged 
due t o  l ess  c h a o t i c  m o l e c u l a r  mot ion i n  a magnetic f i e l d .  
broad b u t  i s  n o t  as b road as s o l i d .  The s t r u c t u r e  o f  t h e  mesophase produced i n  
an NNR magnetic f i e l d  i s  more r i g i d  than t h a t  o f  i s o t r o p i c  l i q u i d .  

resonance frequency. Genera l l y ,  the sweep w i d t h  o f  b road l i n e  NMR i s  t h e  order  
of 1051.106 Hz, w h i l e  t h a t  o f  h i g h  r e s o l u t i o n  NMR i s  about 103Hz a t  36.4 MHz 
f o r  a proton. But  t h e  NMR spectrum o f  t h e  mesophase ob ta ined from e thy lene t a r  
p i t c h  shown i n  F ig .  7 was swept over 2 . 5 ~ 1 0 ~  Hz. 
t h e  NMR spectrum f o r  t h e  carbonaceous mesophase i s  i n t e r m e d i a t e  between those o f  
broad l i n e  NMR and h i g h  r e s o l u t i o n  NMR. 
by t h a t  o b t a i n e d  by  J. J. Fink  e t  a l . [15] .  They have measured t h e  l i n e  w id th  o f  
2 . 3 ~ 1 0 +  t o  3 . 1 ~ 1 0 - ~  T f o r  convent iona l  nemat ic and smect ic l i q u i d  c r y s t a l s .  

I n  o r d e r  !o improve the  r e s o l u t i o n  a t  h i g h e r  temperature,  a home-bui l t  shim 
Typ ica l  ' H  NMR spec t ra  

And then a t  about 123"C, 
On h e a t i n g  a t  about 84"C, a broad 

That i s ,  the 
Assign- 

A t  about 

However, f i n e  s t r u c t u r e s  due t o  the  pro tons  a t tached t o  a, Band y 

The values o f  fHa are ab le  
However, two l i n e s  

Heat ing  o f  t h e  specimen a t  h i g h e r  tem- 
Therefore,  i t  i s  

R e s u l t i n g  l i n e  becomes 

Table 2 summerizes range of sweep w i d t h  f o r  v a r i o u s  NMR t y p e  a t  36.4 MHz o f  

Thus, t he  sweep w i d t h  o f  

I t seems t h a t  t h e  r e s u l t  i s  supported 

Conclusion 
I t  c o u l d  be conc luded from the  above r e s u l t s  t h a t  t h e  m a t e r i a l s  which g i ve  

spher i ca l  mesophase on h e a t i n g  show a nar rowing  o f  t he  NMR w i t h  i n c r e a s i n a  tem- 
p e r a t u r e  which corresponds t o  s o - c a l l e d  s o f t e n i n g  and p l a s t i c  stages. 
t he  degree of mot iona l  nar rowing  o f  t h e  p r o t o n  NMR s p e c t r a  r e f l e c t s  the  degree 
o f  f l u i d i t y  a t  t he  p l a s t i c  stage. 
t i c i t y  would be mon i to red  d i r e c t l y  by u s i n g  the  NMR h i g h  temperature technique. 

Chemical r e a c t i o n s  such as p y r o l y s i s ,  depdymer iza t ion ,  condensat ion cou ld  
be c l a r i f i e d .  Moreover, a p p l i c a t i o n  o f  t h e  technique seems t o  be promis ing  i n  
t h e  mechanism o f  coa l  l i q u e f a c t i o n  as w e l l  as t h a t  o f  mesophase fo rmat ion .  

MoFeover, 

The temperature dependence o f  hydrogen aroma- 
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Table 1 

C h a r a c t e r i s t i c s  o f  samples used 

Sample C XS(d'abf.) f a l )  Tl(ms)') i n  ca rbon ized  coa l  

Tai  he i yo  coa l  77.0 6.0 1.4 0.1 15.5 0.70 1 8  i s o t r o p i c  

Hongei coal  93.1 3.2 1.0 2.7 - 0.70 58 i s o t r o p i c  

M i i k e  coal 83.5 6.2 1.2 1.8 7.3 - 421 f i n e  mosaic 

Yubar ish inko coal 86.6 5.9 2.0 0.3 5.2 0.80 488 f i n e  mosaic 

B-component Yubarishinko o f  coal 82.2 5.7 2.2 - - 0.78 531 f i n e  mosaic 

y-component o f  

Kureha p i t c h  95.2 4.2 0.1 0.2 0.3 0.86 952 f i b r o  us / doma i n 

Ethy lene t a r  94.3 5.5 0 0.1 0.1 0.78 1103 f i brous/domain 

Coal t a r  D i t c h  92.1 4.8 1.3 0.3 1.5 0.83 1560 f i  brous/domai n 

O p t i c a l  t e x t u r e  

coarse mosaic Yubarishinko coal 87.8 7.0 1.5 - - 0.80 719 

~ 

1 )  values obta ined f rom p ro ton  sp in -sp in  r e l a x a t i o n  t ime a t  - l D O ° C  [16] 

2)  p ro ton  s p i n - l a t t i c e  r e l a x a t i o n  t ime  [17] 
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Table 2 

Range o f  sweep w i d t h  f o r  various N M R  a t  36.4 MHz of 
resonance frequency [Ho=0.88T] 

NMR Range of sweep width (Hz) 

High  resolution 103 
I n  terrnedi a t e  i o 4  
Broad l i n e  105-106 

Magnet i c 
eld 
A 

f 

Fig. 1 

Entrance f o r  
flowing gas 
Exit fo r  
flowing gas 

Capillary tube 

Asbestos 
Quartz sample 
t u b e  
Heater 

Quartz tube 
Sarnpl e 

Detector co i l  

Thermocouple 

Outlines o f  the h i g h  temperature probe 
a n d  flowing gas system. 
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1. 3OOOC * 
( a )  Taiheiyo coal 

9 300°C ) \ 

( b )  Yubarishinko ( c )  y-component of 
coal Yubari shin ko coal 

Fig. 2 Proton NMR spectra o f  Taiheiyo coal ( a ) ,  Yubarishinko 
coal ( b )  and y-component o f  Yubarishinko coal ( c )  a t  high 
temperatures. 

0 '  I I 
100 200 300 400 500 

T ( " C )  

l i n e  width a t  half-height (AH112): 
OTaiheiyo coa l ,  0 Yubarishinko coal,  
OB-component o f  Yubarishinko coal,  
my-component o f  Yubarishinko coal,  
+Coal t a r  pitch and x Ethylene tar 
pitch.  

F i g .  3 Temperature dependence o f  the 
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F ig .  4 Temperature dependence o f  s p i n - l a t t i c e  
r e l a x a t i o n  t i m e  ( T i )  o f  e t h y l e n e  t a r  p i t c h .  

Base l i n e  
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F ig .  5 A p r o t o n  NMR spectrum o f  Kureha p i t c h  
a t  45OOC ( f o r  15 min)  (a )  and a comparison 
o f  the  e x p e r i m e n t a l l y  obser'ved spectrum 
wi th  a computer s i m u l a t e d  spectrum ( b ) :  
(1) To ta l  s imu la ted  curve, (2 )  Gaussian 
component w i t h  T2=7 us, (3 )  L o r e n t z i a n  
component w i t h  T2=210 ps and (4) Lorentz- 
i a n  component wi th T2=636 vs. 

f 
1 
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208OC 

430°C Fig. 6 Proton  NMR s p e c t r a  
of e t h y l e n e  t a r  p i t c h  A a t  h i g h  temperatures. 

600 Hz 

2.5 kHz 

Fig.  7 A pro ton  NMR spectrum o f  ethy lene t a r  
p i t c h  a t  470°C. 
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MAGNETIC RESONANCE STUDIES OF LABELED GUEST MOLECULES IN COAL 

L .  B. Ebert, R .  8. Long, R .  H .  Schlosberg, and 6 .  G .  Silbernagel 

Corporate Research Laboratories, Exxon Research and Engineering Co. 
P.O. Box 45,  Linden, NJ 07036 

We have used magnetic resonance techniques t o  probe the time sca les  of motion for 
a se r ies  of labeled guest molecules imbibed in subbituminous Wyodak and bituminous 
I l l i no i s  #6 coals.  
of such guests which were e i t h e r  deuterated or f luor ina ted ,  while electron spin 
resonance (ESR) was used t o  examine paramagnetic TEMPOL spin l abe l s .  
labeled guest molecules can be observed d i r ec t ly  with a minimum amount of in te r -  
ference from the nuclei and paramagnetic species na tura l ly  occurring i n  the  coal.  
By choosing a va r i e ty  of d i f f e ren t ly  labeled spec ies ,  a broad range of time scales 
for  molecular motion can be examined. The r a t e  and nature of t he  motion provides 
information about the  environment of the  guests i n  the  coal s t ruc ture .  

Dry coal samples (10-20 mesh) were exposed t o  various solvent vapors while con- 
tained i n  closed j a r s .  
of the sample during the exposure period. 
#6 coal (Figure l ) ,  the uptake pattern depends upon the choice of solvents:  
benzene uptake approaches an asymptotic value in roughly one week while pyridine 
continues t o  be included over a much longer time period. 
labeled molecules i n  the coals used fnr t b  present study, shown i n  Table 1 ,  
range from ~ 0 . 1 - ~ 1 0  m mole of solvent/gm o f  coal.  

In most 1 iquids,  rapid molecular motion causes averaging of the in te rac t ions  
between nuclear and e lec t ronic  spins and t h e i r  environment. 
becomes su f f i c i en t ly  slow, these in te rac t ions  a re  no longer averaged and a change 
i n  the  magnetic resonance s igna l ,  t yp ica l ly  a broadening, i s  observed. This 
averaging process h a s  been studied i n  many l iqu ids  and so l ids  and r e l a t ive ly  
simple theor ies  have been developed which predict  the  cha rac t e r i s t i c  times for 
motion required fo r  the  onset of averaging for  d i f f e ren t  electronic and nuclear 
spins (1 ) .  
in te rac t ions ,  p r inc ipa l ly  w i t h  protons on the  same molecule, and motion on a time 
sca le  shorter than 250 1.1 sec i s  needed t o  average the  in te rac t ion .  
compyents o f  hexafluoropropanediamine, th is  cha rac t e r i s t i c  time i s  ~ 1 0 0  u sec. 
The H nuclei in deuterated labe ls  a r e  broadened by the stronqer nuclear e l ec t r i c  
quadrupolar in te rac t ion  and more rapid nation (45 p SAC) i s  required fo r  
averaging. Interactions of the much la rger  e lec t ronic  moments i n  tne paramagnetic 
TEMPOL spin labe ls  require times on the order of 10-8 sec t o  be averaged. A com- 
bination of  these l abe l s  allows us t o  survey r a t e s  o f  motion which vary by over a 
fac tor  o f  one mi l l ion .  

The derivative of the 1 9 F  NMR absorbtion of 2-flUOrOpyridine in I l l i n o i s  #6 coal 
i s  shown in Figure 2 .  
broad corn onent which would indicate molecules moving more slowly t h a n  250 p sec. 

and narrow components a re  seen in coals with C606 and C5D N guests. 
O f  the 2H N M R  fo r  C6D in I l l i n o i s  #6 i s  shown i n  Figure 3 .  The same data i s  
displayed a t  two leve7s o f  gain t o  show the two s a t e l l i t e s  which occur on e i ther  
s ide  of t he  intense cent ra l  component. Very roughly, comparable numbers of nuclei 
contribute t o  the narrow and broad components. 
t o  the central  absorbtion a r e  moving on time sca les  skor te r  t h a n  5 1.1 sec a n d  the 
*H quadrupole in te rac t ion  i s  completely narrowed. 
the broad C5D5N component i s  twice a s  la rge  as in the  C6D6 case. 

Nuclear magnetic resonance (NMR) was used t o  study a su i t e  

These 

The solvent uptake was monitored by periodic weighing 
As shown for CgH6 a n d  CgHgN i n  I l l i no i s  

The amounts of imbibed 

If  t he  r a t e  of motion 

For example, i n  2-fluoropyridine the l9F NMR i s  broadened by dipolar 

For the -CF3 

A narrow NMR l i ne  i s  seen a t  300K, w i t h  no evidence for the 

No broad $ H NMR l i n e  i s  seen i n  coal samples containing D20. However both broad 
The derivative 

The C D6 molecules contributing 

The s a t e l l i t e  s p l i t t i n g  for 
From the 
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magnitudes o f  these broad spec t ra  (2) we i n f e r  t h a t  t h e  C6D6 molecules a r e  s t i l l  
sp inn ing  about t h e i r  C6 
C5D5N molecules a re  no t .  The r e s t r i c t e d  mo t ion  o f  t h i s  c l a s s  o f  C6D6 molecules 
suggests t h a t  t h e y  may be s t e r i c a l l y  con f ined  by t h e  nearby coal m a t r i x .  
absence o f  r a p i d  mo t ion  f o r  t h i s  c l a s s  o f  C5D N molecules may r e f l e c t  a chemical 
i n t e r a c t i o n  between t h e  molecules and the  coa? m a t r i x .  

ESR s tud ies  o f  t h e  TEMPOL s p i n  l a b e l  a l s o  show t h i s  s low ing  down process i n  t h e  
coa l .  
t r i p l e t  ESR s i g n a l  from t h e  TEMPOL i n  the  l i q u i d  i s  super-imposed on t h e  carbon 
r a d i c a l  s igna l  i n  t h e  coa l  ( F i g u r e  4A). The narrow TEMPOL l i n e s  broaden as t ime  
passes w h i l e  t h e  t o t a l  EPR s i g n a l  does n o t  change, aga in  i m p l y i n g  t h e  l o s s  o f  
averaging due t o  s lower  mot ion o f  t h e  molecules (F igu re  4B). The c h a r a c t e r i s t i c  
t ime  o f  mot ion i s  t h e r e f o r e  l o n g e r  than  2 x 
t r i p l e t  s igna l  i n t e n s i t y  (F igu re  4C) i s  p r o p o r t i o n a l  t o  exp ( -a t1 /2 )  suggest ing 
t h a t  t h i s  s low ing  o f  t h e  mo t ion  r e f l e c t s  d i f f u s i o n  o f  t h e  TEMPOL l a b e l s  i n t o  t h e  
coa l .  

Pulsed NMR s t u d i e s  o f - t h e  narrow component o f  t h e  resonance l i n e  a l s o  show t h e  
change i n  mot ion o f  a mo c u l e  when in t roduced  i n t o  t h e  coa l  s o l i d .  The 
energy exchange between "F n u c l e i  i n  2- f luorophenol  and t h e i r  environment was 
determined i n  t h e  f r e e  l i q u i d  and f o r  molecules i n c l u d e d  i n  coal by u s i n g  s p i n  
l a t t i c e  r e l a x a t i o n  (TI) measurements. 
tems, bu t  t he  r e l a x a t i o n  t ime  i s  much s h o r t e r  f o r  t h e  guest molecules i n  c o a l :  
T - 1 3  + 3 m sec, i n  comparison w i t h  T1 = 1.5 5 0.3 sec f o r  t h e  f r e e  l i q u i d  a t  
tie-same-temperature (300K). 
f o r  t h e  guest spec ies.  A f a c t o r  o f  100 s lower  than f o r  t h e  f r e e  species.  

I n  summary, a combinat ion o f  l a b e l e d  molecular  probes and d i f f e r e n t  obse rva t i on  
techniques p rov ides  i n f o r m a t i o n  on t h e  environment and mo t ion  o f  mo lecu la r  spec ies 
i n  c o a l .  
i n  F igu re  5 .  
o f  t h e  mot ion may a l s o  be deduced i n  some cases. 

symmetry a x i s  a t  t imes  s h o r t e r  t han  5 p sec, w h i l e  the  

The 

Immediately a f t e r  adding a TEMPOL s o l u t i o n  t o  a coal  sample, a narrow 

sec. The r e d u c t i o n  o f  t h e  narrow 

T1 i s  f requency independent f o r  b o t h  sys- 

These data imp1 y c h a r a c t e r i q t i c  t imes o f  mo t ion  

The range o f  c h a r a c t e r i s t i c  t imes o f  mo t ion  i s  i n d i c a t e d  schemat i ca l l y  
As i l l u s t r a t e d  i n  t h e  case o f  t h e  s p i n n i n g  C6D6 molecules, t h e  t ype  

REFERENCES 

1. Th is  averaging phenomenon i s  discussed by A.  Abragam, " P r i n c i p l e s  o f  Nuclear  
Magnetism" (Oxford, 1961), Chapter X .  

2. See R. G. Barnes i n  "Advances i n  Nuclear  Quadrupole Resonance", J .  A .  S .  Smith, 
Ed. (Heydon and Sons, London, 1974), v. 1, p. 235 ff. 

TABLE 1: MOLECULAR UPTAKE DURING THE SWELLING PROCESS 

Coal Type Imb ib inq  Molecule 

Wyoda k : 020 

D2° 

C O N  
CEDE 

;5;5N 

I l l i n o i s  #6: 

2 ~ F f u o r o p h e n o l  
4-Fluorophenol 
2 -F luo ropy r id ine  
c ;  

Hexaf l  uogo6Propane Diamine 

M i l l i m o l e s  Imbibed/Gram o f  Coal 

8.49 
8.93 
1.26 

5.79 
6.21 
2.08 
4.83 
1.88 
6.09 
0.47 
0.29 
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o f  the 
Swell i ng 
Process: 

Figure 2:  The I 9 F  
NMR of  I l l ino i s  #6 
Coal swelled with- 
2-fl uoropyr i d i  ne 
shows only a narrow 
component. 

I 
I 
1 
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Figure 3 :  Both narrow 
and broad 2D NMR 
signals are observed i n  
I l l ino i s  #6 coal 
swelled with C6D6. 
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Fiqure 4:  Coal 
Swe l l i ng  w i t h  a 
paramagnetic s p i n  
l a b e l  (TEMPOL) 

~- A. Upon i n i t i a l  
' exposure o f  TEMPOL 

t o  coa l ,  the narrow 
s p i n  l a b e l  t r i p l e t  
s igna l  i s  superimposed 
upon t h e  carbon 
r a d i c a l  s i g n a l  
from t h e  coal .  

E. A t  l o n g  t imes,  
cly a t r a c e  o f  t h e  
t r i p l e t  TEMPOL s i g n a l  
rema i ns . 
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C. An example o f  the: 
E s s  o f  TEMPOL s i g n a l  
i n t e n s i t y  w i t h  t ime  
f o r  I l l i n o i s  #6 coal  2 
exposed t o  a s o l u t i o n  u 
o f  TEMPOL i n  benzene. i 
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I I9F  NMR: 

I I I I 

2H NMR: 

Some CgD6, CgDgN D20, 
(Slower) 

Some CgD6,  C g D g N  
(Faster)  

I EPR: 
(Slower) 4 I 

Figure 5: A survey  of  c h a r a c t e r i s t i c  t i m e s  of  mot ion  probed by  
t h e  c u r r e n t  l a b e l e d  molecu les .  
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CARBOXYLIC ACIDS AND COAL STRUCTURE. A.  L .  Chaffee, G .  L .  Perr a n d  R .  B .  Johns. 
School o f  Chemistry, University of  Me1 bourne, P a r k v i l d a  3052, Australia.  

i 

Australian Black Coals o f  varying r a n k .  
f a t t y  acids and Lithotype (which i s  believed t o  r e f l e c t  t he  environment by deposit ion 

undergo w i t h  depth o f  bur ia l  wi l l  a l so  be discussed in r e l a t ion  t o  Lithotypes. 

For the  Brown Coal the  re la t ionship  between 

, will  be discussed. The d iagenet ic  changes which f a t t y  acids i n  the coal s t ruc tu re  
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S t r u c t u r a l  C h a r a c t e r i z a t i o n  o f  C o a l :  L ignin-Like  Polymers i n  Coals  

Ryo ich i  Haya t su ,  Randa l l  E .  Winans, Rober t  L .  McBeth, 
Rober t  G .  S c o t t ,  Leon P .  Moore, and Mar t in  H .  S t u d i e r  

Chemis t ry  D i v i s i o n  
Argonne N a t i o n a l  L a b o r a t o r y ,  Argonne, I l l i n o i s  60439 

I N T R O D U C T I O N  

Al though l i g n i n s  a r e  major  c o n s t i t u e n t s  o f  v a s c u l a r  p l a n t s  
from which c o a l s  a r e  d e r i v e d ,  t h e i r  r o l e s  i n  t h e  c o a l i f i c a t i o n  
p r o c e s s  and r e s u l t i n g  c o a l  s t r u c t u r e s  have  n o t  been  d e f i n e d .  On 
t h e  b a s i s  of c h e m i c a l  and b i o l o g i c a l  d e g r a d a t i o n s ,  l i g n i n s  are 
c o n s i d e r e d  t o  b e  polymers  of p r o p y l p h e n y l  compounds, c o n i f e r y l  
a l c o h o l  and r e l a t e d  a l c o h o l s  (1-3). Because of t h e i r  g r e a t  abundance, 
h igh  r e s i s t a n c e  t o  b i o l o g i c a l  d e g r a d a t i o n  and c h a r a c t e r i s t i c  occur -  
r e n c e  i n  l a n d  p l a n t s ,  i s o l a t i o n  of c o a l  d e g r a d a t i o n  p r o d u c t s  r e l a t e d  
t o  t h e s e  l i g n i n  compounds s h o u l d  shed  some l i g h t  on t h e  r o l e s ,  i f  
any ,  p l a y e d  by l i g n i n s  d u r i n g  c o a l i f i c a t i o n  and i n  t h e  f i n a l  s t r u c -  
t u r e  of c o a l s .  To d a t e  such  s t u d i e s  have  had on ly  l i m i t e d  s u c c e s s .  

w i th  a l k a l i n e  s o l u t i o n s  t o  p roduce  l i g n i n - r e l a t e d  p h e n o l s  (4-61 ,  
t h i s  method h a s  no t  proved  t o  b e  u s e f u l  for c o a l s .  Reduc t ive  
d e g r a d a t i o n s  o f  s o i l  and c o a l - d e r i v e d  humic a c i d s  w i t h  sodium 
amalgam have been  r e p o r t e d  t o  p roduce  a v a r i e t y  of p h e n o l i c  compounds 
(9-10); however,  s e v e r a l  i n v e s t i g a t o r s  have found t h a t  t h i s  proce-  
du re  g i v e s  o n l y  a few p h e n o l s  i n  ve ry  small amounts ,  b e c a u s e  o f  t h e  
d e g r a d a t i o n  o f  p h e n o l i c  r i n g s  ( 1 1 - 1 2 ) .  

Many o x i d a t i v e  d e g r a d a t i o n s  have a l s o  been  c a r r i e d  o u t  t o  b reak  
c o a l  down i n t o  s i m p l e r  s p e c i e s ;  h o w e v e r , i s o l a t i o n  and i d e n t i f i c a t i o n  
of p h e n o l s  s u c h  as p-hydroxybenzene d e r i v a t i v e s ,  v a n i l l i c  and 
s y r i n g i c  g r o u p s ,  which a r e  c h a r a c t e r i s t i c  l i g n i n  o x i d a t i o n  p r o d u c t s ,  
have n o t  been  d e f i n i t e l y  conf i rmed  y e t .  I n  g e n e r a l ,  commonly used 
o x i d a n t s  d e s t r o y  p h e n o l i c  r i n g s  o r  g i v e  complex p r o d u c t s  (13-15). 
Some of t h e  o x i d a n t s  such  as n i t r o b e n z e n e  produce  r e a c t i o n  by- 
p r o d u c t s  t h a t  may i n t e r f e r e  w i t h  t h e  a n a l y s i s  of t h e  o x i d a t i o n  
p r o d u c t s  (16 -18) .  To o b t a i n  l i g n i n  o x i d a t i o n  p r o d u c t s  from c o a l s ,  
w e  r e s o r t e d  t o  t h e  a l k a l i n e  c u p r i c  o x i d e  o x i d a t i o n  method which has  
been s u c c e s s f u l l y  a p p l i e d  t o  a n a l y s i s  o f  l i g n i n s  i n  p l a n t s  (161 ,  
f u l v i c  and humic a c i d s  (18 -19) ,  and l a n d - d e r i v e d  mar ine  sed imen t s  
( 1 6 ) .  

Although f u l v i c  and humic a c i d s  have  been  degraded  s u c c e s s f u l l y  

EXPERIMENTAL 

Seven c o a l s  were used  i n  t h i s  s t u d y  ( T a b l e  1) .  To remove t r a p p e d  
o r g a n i c  m a t e r i a l s  (20-Zl), f o u r  c o a l s  ( s amples  1-4)  were e x t r a c t e d  
wi th  benzene-methanol  (3:1, r e f l u x i n g  f o r  48 h o u r s )  and 2 .5% a q . -  
N a O H  (20-35OC f o r  1 6  h o u r s )  b e f o r e  o x i d a t i o n .  S i n c e  t h e  a l k a l i n e  
e x t r a c t a b l e  m a t e r i a l  was found t o  be  n e g l i g i b l e  f o r  samples  5-7 
t h e s e  c o a l s  were o n l y  e x t r a c t e d  w i t h  benzene-methanol .  
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Each c o a l  sample ( 5 9 )  was o x i d i z e d  w i t h  a l k a l i n e  c u p r i c  o x i d e  
(51 .9  g of CuS04.5H20, 37 .3  g of NaOH and 185  m l  o f  H20) a t  2 0 0 ° C  
for 8-10 hour s*  by t h e  method of  Greene e t  a l .  ( 2 2 ) .  A f t e r  t h e  
r e a c t i o n  m i x t u r e  had c o o l e d ,  i t  was c e n t r i f u g e d .  The a l k a l i n e  
s u p e r n a t a n t  was a c i d i f i e d  w i t h  H C 1  t o  pH 2 .  A f t e r  c o n c e n t r a t i o n  o f  
t h e  a c i d i c  s o l u t i o n ,  t h e  s l u s h y  r e s i d u e  was r e p e a t e d l y  e x t r a c t e d  
w i t h  benzene -e the r  ( 1 : 3 ) .  The r e s i d u e  was f u r t h e r  e x t r a c t e d  w i t h  
me thano l .  M a t e r i a l s  s o l u b l e  i n  a l k a l i  o n l y  were  a l s o  i s o l a t e d  f rom 
a l l  samples .  To r e c o v e r  non-oxid ized  c o a l ,  t h e  a l k a l i n e  i n s o l u b l e  
r e s i d u e  was t r e a t e d  s e v e r a l  t i m e s  w i t h  c o n c e n t r a t e d  H C 1 ,  and  f i n a l l y  
washed w i t h  water. A summary of t h e  o x i d a t i o n  p r o d u c t s  i s  shown i n  
Tab le  2 .  

S o l i d  p robe  mass s p e c t r o m e t r i c  a n a l y s i s  ( 2 0 )  showed t h a t  
t h e  benzene -e the r  e x t r a c t s  c o n s i s t  main ly  o f  o r g a n i c  a c i d s .  There-  
f o r e ,  t h e s e  e x t r a c t s  were d e r i v a t i z e d  w i t h  d 6 - d i m e t h y l s u l f a t e  t o  
y i e l d  d3-methyl  l a b e l l e d  d e r i v a t i v e s .  The d e r i v a t i v e s  were a n a l y z e d  
by  GC-TOFMS and h i g h  r e s o l u t i o n  MS u s i n g  t e c h n i q u e s  which have  been  
p r e v i o u s l y  d e s c r i b e d  ( 2 0 ) .  A u t h e n t i c  samples  o f  p h e n o l i c  a c i d s  
d e r i v a t i z e d  w i t h  d 6 - d i m e t h y l s u l f a t e  o r  d iazomethane  were a l s o  ana- 
l y z e d  by GCMS for r e f e r e n c e .  

and 2 a r e  shown i n  F i g .  l a  and i n  F i g .  l b  w i t h  numbered p e a k s  iden -  
t i f i e d  i n  Table  3 .  The methanol  e x t r a c t s  and f r a c t i o n s  s o l u b l e  i n  
a l k a l i  o n l y  were found t o  c o n s i s t  e s s e n t i a l l y  o f  humic a c i d - l i k e  
m a t e r i a l s  by s o l i d  p robe  M S .  

To o b t a i n  d e t a i l e d  i n f o r m a t i o n  o f  t h e  CuO-NaOH o x i d a t i o n ,  con- 
t r o l  expe r imen t s  w i t h  15  model compounds and a polymer  were c a r r i e d  
o u t  u s i n g  t h e  p r o c e d u r e  employed for t h e  c o a l s .  The r e s u l t s  a r e  
shown i n  Tab le  4 .  

RESULTS AND D I S C U S S I O N  

Gas chromatograms of t h e  d e r i v a t i v e s  o b t a i n e d  f rom samples  1 

A s  shown i n  Tab le  2 and  i n  Tab le  3 ,  most i n f o r m a t i v e  i s  t h e  
i d e n t i f i c a t i o n  of l a r g e  amounts o f  p-hydroxy and  3 ,4 -d ihydroxybenzo ic  
a c i d s  i n  t h e  o x i d a t i o n  p r o d u c t s  o f  s amples  1 and 2 .  These  are 
r e g a r d e d  as l i g n i n  o x i d a t i o n  p r o d u c t s .  It i s  i n t e r e s t i n g  t o  n o t e  
t h a t ,  w h i l e  no 0- and m-hydroxybenzoic a c i d s  were found i n  t h e  o x i d a -  
t i o n  p r o d u c t s  of samples  1 and 2 ,  a l l  t h r e e  i s o m e r s  were i d e n t i -  
f i e d  i n  small amounts  i n  o t h e r  r a n k  b i tuminous  c o a l s  ( s a m p l e s  3 ,  5 ,  6 ) .  
From sample  3, 3 ,4-d ihydroxybenzoic  a c i d  was a l s o  i s o l a t e d  i n  small 
amount,  however t h i s  compound was n o t  d e t e c t e d  i n  t h e  o x i d a t i o n  
p r o d u c t s  of o t h e r  b i tuminous  c o a l s  ( s amples  4 - 6 ) .  

q u a l i t a t i v e l y  s imi l a r  t o  t h o s e  of l i g n i t e  c o a l  ( s e e  T a b l e  2 ) .  
It i s  i n t e r e s t i n g  t h a t  b i tuminous  ( sample  4 )  gave  o r g a n i c  a c i d s  

3 
I n  g e n e r a l ,  l i g n i n ,  p l a n t  m a t e r i a l s ,  f u l v i c  and humic a c i d s  and 
mar ine  s e d i m e n t s  a r e  o x i d i z e d  a t  1 7 0 ° C  f o r  3-4 h o u r s ,  however  
t h i s  c o n d i t i o n  has been found t o  be n o t  s t r o n g  enough t o  o x i d i z e  
c o a l s .  

111 



i d e n t i f i e d  compounds were p-hydroxybenzoic  a c i d ,  4-hydroxy-1,3- 
b e n z e n e d i c a r b o x y l i c  a c i d ,  b e n z e n e  d i  and  t r i c a r b o x y l i c  a c i d s .  N o  
0- or m- i s o m e r  o f  hydroxybenzoic  a c i d  was d e t e c t e d .  We have  
found t h a t  s o l v e n t  e x t r a c t a b l e  h y d r o c a r b o n s  o b t a i n e d  f rom t h i s  
c o a l  c o n s i s t  m a i n l y  of  n-a lkane  ( C 1 1  t o  C31) .  T h i s  i s  q u i t e  d i f -  
f e r e n t  f rom o t h e r  r e s u l t s  which showed t h a t  a r o m a t i c  h y d r o c a r b o n s  
were t h e  major s o l v e n t  e x t r a c t a b l e  material  o f  s e v e r a l  b i t u m i n o u s  
and a n t h r a c i t e  c o a l s  ( 2 0 , 2 3 ) .  I n d e e d ,  p e t r o g r a p h i c  a n a l y s i s  shows 
t h a t  t h i s  c o a l  has a h i g h  c o n t e n t  o f  s p o r i n i t e  ( 1 4 . 3  w t  % )  and low 
c o n t e n t  o f  v i t r i n i t e  (30 .2  w t  % )  ( 2 4 ) .  A n t h r a c i t e  c o a l  ( sample  7 )  
d i d  n o t  y i e l d  a n y  o r g a n i c  s o l v e n t  e x t r a c t a b l e  o x i d a t i o n  p r o d u c t s .  

Some a c i d s  n o t  found i n  o x i d a t i o n  p r o d u c t s  o f  l i g n i n s ,  l a n d  
p l a n t s  and  marine s e d i m e n t s  were found i n  t h e  o x i d a t i o n  p r o d u c t s  o f  
c o a l s .  Among these were p h e n o l i c  d i  and t r i c a r b o x y l i c  a c i d s  and  
hydroxynaphthalenecarboxylic a c i d s .  From some s o i l  f u l v i c  and humic 
a c i d s ,  p h e n o l i c  p o l y c a r b o x y l i c  a c i d s  have  been  found i n  t h e  o x i d a -  
t i o n  p r o d u c t s  t o g e t h e r  w i t h  c o n s i d e r a b l e  amounts  of  f a t t y  a c i d s .  
T h e r e f o r e ,  p h e n o l i c  es te rs  o f  f a t t y  acids  are  c o n s i d e r e d  t o  b e  
p r e s e n t  i n  t h e s e  s o i l  a c i d s  ( 5 , 1 8 ) .  However, l i t t l e  o r  no f a t t y  
a c i d s  were o b s e r v e d  i n  t h e  c o a l  o x i d a t i o n  p r o d u c t s .  

T r i h y d r o x y b e n z o i c  a c i d  or i t s  methoxy d e r i v a t i v e s  ( s y r i n g i c  
group)  which are o b t a i n e d  f r o m  t h e  o x i d a t i o n  o f  l i g n i n s ,  f u l v i c  and 
humic a c i d s  a n d  mar ine  s e d i m e n t s  were n o t  found i n  any  o f  o u r  oxida-  
t i o n  p r o d u c t s .  We have  found t h a t  t h e  a u t h e n t i c  s y r i n g a l d e h y d e  
and 2 ,6-d imethoxyphenol  were l a r g e l y  d e g r a d e d  by t h e  o x i d a t i o n  
( T a b l e  l ! ) .  T h i s  may a c c o u n t  for t h e  f a c t  t h a t  w e  d i d  n o t  o b s e r v e  
them, however t h e  s y r i n g i c  g r o u p s  may have  been  degraded  d u r i n g  
c o a l i f i c a t i o n .  

A l l  p h e n o l i c  ac ids  i d e n t i f i e d  were found as OCD3-derivat ives .  
The mass s p e c t r a  showed the c o m p l e t e  a b s e n c e  o f  OCH3-group. It i s  
c o n f i r m e d  t h a t  no i s o t o p e  exchange  o f  t h e  H i n  OCH3 w i t h  D o c c u r r e d  
under  o u r  p r o c e d u r e s .  Although p a r t i a l  d e m e t h y l a t i o n  r e a c t i o n  d u r i n g  
t h e  o x i d a t i o n  c a n n o t  b e  e x c l u d e d  f rom t h e  c o n t r o l  e x p e r i m e n t  ( s e e  
Table  41 ,  i t  i s  p r o b a b l e  t h a t  t h e  p h e n o l i c  a c i d s  found were d e r i v e d  
main ly  from t h e  f i s s i o n  o f  e t h e r  l i n k e d  a r o m a t i c  s y s t e m s  as shown i n  
t h e  example be low r a t h e r  t h a n  from a r y l  methoxy u n i t s .  

H 
\ / H  

0 
I1 

R = a l k y l  ( C  2 1 ,  a r y l  
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I n d e e d ,  i t  i s  known t h a t  v e r y  l i t t l e  or no methoxy g r o u p s  are 
p r e s e n t  i n  b i t u m i n o u s  c o a l s  (25-26) .  I n  t h e  l i g n i t e  c o a l  ( sample  
1) a r y l  methoxy g r o u p s  are n o t  p r e s e n t  i n  s i g n i f i c a n t  amounts  ( 2 6 ) .  

Nonhydroxy b e n z e n e ,  n a p h t h a l e n e ,  p y r i d i n e  and t h i o p h e n e  c a r -  
b o x y l i c  a c i d s  and  humic a c i d - l i k e  mater ia ls  found i n  t h e  o x i d a t i o n  
p r o d u c t s  might  be d e r i v e d  from n o n - l i g n i n  or e x t e n s i v e l y  t r a n s -  
formed l i g n i n  p o l y m e r s .  

The o x i d a t i o n  of m e t h y l  g r o u p s  of a r o m a t i c  compounds has been  
found t o  be i n e f f e c t i v e .  T h e r e f o r e ,  r e l a t i v e l y  l a r g e  amounts  of  
m e t h y l - s u b s t i t u t e d  p h e n o l i c  and benzene  c a r b o x y l i c  a c i d s  were i s o -  
l a t e d  from the  c o a l  o x i d a t i o n .  O u r  c o n t r o l  e x p e r i m e n t s  a l s o  i n d i -  
c a t e d  t h a t ,  w h i l e  t h e  CuO-NaOH o x i d a t i o n  of a l c o h o l ,  a l d e h y d e ,  
k e t o n e ,  qu inone  and e t h e r  i s  e f f e c t i v e ,  m e t h y l  g r o u p s  and  m e t h y l e n e  
b r i d g e s  a r e  n o t  o x i d i z e d  s i g n i f i c a n t l y .  

CONCLUSIONS 

', 

1. Although one c a n n o t  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  p l a n t  
p o l y p h e n o l s  ( 2 7 )  c o u l d  be  one o f  t h e  i m p o r t a n t  p r e c u r s o r s  f o r  c o a l  
f o r m a t i o n ,  t h e  p r e s e n t  work shows t h a t  l i g n i n - l i k e  p o l y m e r s  have  
been  i n c o r p o r a t e d  i n t o  t h e  macromolecules  of c o a l s ,  and are s t i l l  
i d e n t i f i a b l e  i n  l o w e r  r a n k  c o a l s .  Evidence  f o r  t h i s  i s  t h e  i d e n t i -  
f i c a t i o n  of p-hydroxy- and 3 ,4-d ihydroxy-benzoic  a c i d s  which a r e  
known l i g n i n  o x i d a t i o n  p r o d u c t s .  

s t r u c t u r e s  i n c r e a s e d  i n  a r o m a t i c i t y  compared w i t h  t h e  o r i g i n a l  
l i g n i n s .  P h e n o l i c  p o l y c a r b o x y l i c  a c i d s  and  h y d r o x y n a p h t h a l e n e -  
c a r b o x y l i c  a c i d s  which were i d e n t i f i e d  are  n o t  found i n  t h e  CuO-NaOH 
o x i d a t i o n  p r o d u c t s  of l i g n i n s  and p l a n t  mater ia ls .  

polymers  o c c u r r e d  p e r h a p s  t h r o u g h  r e a c t i o n s  (28-29)  s u c h  as demethyla-  
t i o n ,  d e m e t h o x y l a t i o n ,  d e h y d r o g e n a t i o n ,  o x i d a t i o n ,  c l e a v a g e  of r i n g  
s t r u c t u r e s , r e - c o n d e n s a t i o n ,  e t c .  d u r i n g  c o a l i f i c a t i o n  from l i g n i t e  
t o  b i t u m i n o u s  and a n t h r a c i t e  c o a l s .  T h i s  i s  shown b y  t h e  f a c t  t h a t  
( a )  lower  r a n k  c o a l s  gave  h i g h e r  y i e l d s  of t h e  CuO-NaOH o x i d a t i o n  
p r o d u c t s ;  ( b )  h i g h e r  p h e n o l i c  a c i d / b e n z e n e c a r b o x y l i c  a c i d  r a t i o  i s  
shown f o r  t h e  lower r a n k  of c o a l s ;  ( c )  v e r y  l i t t l e  or n o  d i h y d r o x y -  
b e n z o i c  a c i d  was i d e n t i f i e d  i n  t h e  o x i d a t i o n  p r o d u c t s  of h i g h e r  r a n k  
c o a l s  ( samples  3-6); ( d )  more n a p h t h a l e n e -  and h e t e r o -  
c a r b o x y l i c  a c i d s  are found i n  t h e  o x i d a t i o n  p r o d u c t s  of h i g h e r  r a n k  
c o a l s .  F i n a l l y ,  major  p a r t s  of l i g n i n - l i k e  polymers  are t r a n s f o r m e d  
i n t o  n o n - l i g n i n  t y p e  polymers  a t  l a te r  s t a g e  of c o a l i f i c a t i o n .  
I n d e e d ,  t h e  l a t e r  c o a l i f i c a t i o n  p r o d u c t ,  a n t h r a c i t e  c o a l  ( sample  7 )  
d i d  n o t  y i e l d  any p h e n o l i c  a c i d  by t k e  o x i d a t i o n .  

t r a p p e d  i n  l i g n i t e  c o a l ,  and  have  found t h a t  t h e s e  a c i d s  are  q u a l i -  
t a t i v e l y  q u i t e  s i m i l a r  t o  t h o s e  o b t a i n e d  f r o m  t h e  p r e s e n t  o x i d a t i o n  
of t h e  same p r e t r e a t e d  c o a l .  This  i n d i c a t e s  t ha t  t h e  t r a p p e d  a c i d s  
were d e r i v e d  main ly  f rom t h e  o x i d a t i v e  d e g r a d a t i o n  of l i g n i n - l i k e  
polymers  d u r i n g  t h e  c o a l i f i c a t i o n .  We have  a l s o  o b s e r v e d  t h a t  no 
t r a p p e d  o r g a n i c  a c i d  i s  i s o l a t e d  f rom t h e  a n t h r a c i t e  c o a l  which  n o  
l o n g e r  c o n t a i n s  l i g n i n - l i k e  polymers .  
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Tab le  1 

Elemen ta l  A n a l y s i s  o f  Samples  (maf I )  
* 

No. Sample C H N S 0 H/C 
(by  d i f f )  

1 L i g n i t e  ( S h e r i d a n  Wyoming) 66.4 4.8 1.5 1.1 26.2 0.87 I 
2 Bituminous ( I L .  #2) 73.9 5.2 1.4 3.4 16.1 0.84 

3 Bituminous  ( I L  #6) 77.7 5.4 1.4 4.1 11.4 0.83 

4 Bituminous  (Ohio  PSOC#297) 80.5 5.6 1.6 2.9 9.4 0.83 

5 Bituminous ( P i t t .  #8) 82.0 5.5 1.4 3.7 7.4 0.70 

6 Bituminous  (Penn.  PsOc#258) 86.5 4.8 1.3 2.6 4.8 0.67 

7 A n t h r a c i t e  (Penn.  PSOC#85) 91.0 3.8 0 . 7  1.2 3.3 0 .50  

* 
A l l  samples  were p r e t r e a t e d  t o  remove s o l v e n t  e x t r a c t a b l e  t r a p p e d  
o r g a n i c  m a t e r i a l s  and  were d r i e d  a t  11O-12O0C f o r  16-18 h o u r s  unde r  
vacuum b e f o r e  o x i d a t i o n .  
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Table 2 

Surrnrary of CuC-NaOH Oxidation Products 

1 2 3 4 5 6 7 

Organic acid 35.3 19.6 17.1 7.0 14.7 1.3 - 
(Benzene-ether extract)  

(Methanol ex t r ac t )  
Humic acid B - < 1 . 0  5 1.5 16 .1  51.0 20.2 2.0 7.5 
(only aq. a l k a l i  soluble) 
Non-oxidized coalC 11.0 21.0 22.2 30.4 26.5 32.0 95.0 

W t  % of ident i f ied acids 

Humic acid A 54.3 61.0 46.2 9.3 39.5 69.5 - 

________________________I_______________---------------- 

d 

Phenolic 66.6 54.1 14.6 41.0 8.3 5.8 - 
Benzene carboxylic 26.0 36.2 69.4 50.2 62.7 76.7 - 
Naphthalene carboxylic 2.0 3.3 6.2 5.5 22.9 10.6 - 
Heterocyclice - 1 . 6  3.5 2.0 2.0 3.2 - 

2.6 1.0 1.4 - < 1.0 5 1 . 0  - Aliphatic dibasic - 
Others 2.8 3.8 4.9 1.3 3.5 3.0 - 

Ratio of Phenolbenzene Acid 2.56 1.49 0.21 0.82 0.13 0.07 - 

aSee Table 1 for in formt ion .  
b W t  % was obtained from coal sample on a dry, ash free basis. 

cSmll m u n t  of insoluble Cu-salts a re  present. 
dwt % w a s  obtained from each benzene-ether extract .  
from the gas chromtogram of t h e i r  E t h y l  e s t e r s .  

eThiophene- and pyridine carboxylic acids for samples 2-6, and pyridine 
tr icarboxylic ac ids  fo r  sample 1. 

Determination was made 

- 
Not found. 
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Table 3 

Organic Acids Identified as Their d -methyl Esters by GC-MS and 
High Resolution MS 

3 

- __- I 
Peak No. Compound 7 

I 

1 I 2 
I 3 4 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

1 6  
1 7  
18 
1 9  
20 
21 
22 
23 
211 
2 5  
26 
27 
28 
29 
30 

Succinic acid 
C3-dibasic acid 
Benzoic acid 
Methylbenzoic acid 
p-Hydroxybenzoic acid 
Hydroxytoluic acid 
1,2-Benzenedicarboxylic acid 
1,4-Benzenedicarboxylic acid 
1,3-Benzenedicarboxylic acid 
Methylbenzenedicarboxylic acid 
Dihydroxybenzoic acid 
Pyridinedicarboxylic acid 
3,4-Dihydroxybenzoic acid 
Dimethylbenzenedicarboxylic acid (naphthoic acid, minor) 
Hydroxybenzenedicarboxylic acid (4zhydroxy-1,3- 
benzenedicarboxylic acid, largest peak) 
Methylhydroxybenzenedicarboxylic acid 
1,2,4-Benzenetricarboxylic acid 
1,2,3-Benzenetricarboxylic acid 
1,3,5-Benzenetricarboxylic acid 
Methylbenzenetricarboxylic acid 
Pyridinetricarboxylic acid 
Naphthalenedicarboxylic acid 
Hydroxybenzenetricarboxylic acid 
1,2,4,5-Benzenetetracarboxylic acid 
1,2,3,4-Benzenetetracarboxylic acid 
1,2,3,5-Benzenetetracarboxylic acid 
Methylbenzenetetracarboxylic acid 
Dihydroxy-diphenyldicarboxylic acid ( T )  
Hydroxynaphthalenedicarboxylic acid 
Benzenepentacarboxylic acid 

T indicates that identification is tentative 
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Table 4 

CuC-NaOH Oxidation of Model Conpound at  2OO0C for 8-10 H o u r s  

Yield 
ml % Compound Type of Reaction Major Producta 

4-Methylbenzyl alcohol 
&Naphthyl methylcarbinol 

Benzaldehyde 
4-Methoxybenzaldehyde 
2,6-Dirrethoxyphenol 
Syringaldehyde 

Dibenzoylmthane 
1, 4-Naphthoquinone 
Phenylacetic ac id  
Diphenyl e t h e r  
Dibenzyl e ther  

Diphenyl mthane 
Poly-( 4-mthoxystyrene ) 
1-Me thylnaphthalene 
2,4-Dimethoxytoluene 
3,4-Dimethoxytoluene 

-CH20H -+ -COOH 4-Methylbenzoic acid 
-CH20H + -COOH 6-Naphthoic acid 

-CHO + - O H  Benzoic acid 

-CHO + -COOH 4-Hydroxybenzoic acid 
-OCH3 + -OH b 

-CHO -+ -COOH 3,4,5-Trihydroxybenzoic acid 
-CC-CH2- + - O H  Benzoic acid 

- C G C  -+ -COOH Phthalic acid 
-CH2-CO- -+ -COOH Benzoic acid 

-G + -OH Phenol 
-%C-GCH2- -+ -CWH Benzoic acid 

-C-C- -+ -GOOH Benzoic acid 

-C-C -+ -COOH 4-Hydroxybenzoic acid 
-C-C- + -COOH 1-Naphthoic acid 
-C-C- + -COOH 2,4-Dihydroxybenzoic acid 
-C-C- -+ - O H  3,4-Dihydroxybenzoic acid 

93 
77 
95 
09(45) 
- 

4.5c 
76 
9 1  
68 
67 
81 
11 

bd 
3 
5(58) 
7(52) 

a A l l  products were der ivat ized with d g - d h t h y l s u l f a t e  or  diazomthane, and 

bAbout 16.9 w t  % of the oxidation product was obtained under the same conditiom 

analyzed by GCMS. 

( 1 7 O O C  for 4 hours) employed for  plant  mterials, humic acids and m i n e  sedimw’is. 
The product consisted m i n l y  of polymerized material. 
hydroxy compounds (2-3%) was detected by EMS. 

Very  small amount of tri- 

‘Most of syringaldehyde was degraded. 

d ~ o w n  as w t  %. 
eNumber in parenthesis shows % of demthylat ion from -OCH3 group. 
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FIGURE C A P T I O N  

F i g .  l a .  Gas chromatogram of me thy l  e s t e r s  of t h e  o r g a n i c  a c i d  
f r a c t i o n  from l i g n i t e ;  F i g .  lb, from b i tuminous  c o a l .  The a n a l y s i s  
was c a r r i e d  ou t  on a Perkin-Elmer 3920B g a s  chromatograph  i n t e r -  
f a c e d  t o  a mod i f i ed  Bendix model 1 2  t i m e - o f - f l i g h t  mass s p e c t r o m e t e r  
w i t h  a v a r i a b l e  s p l i t  between a f l ame  i o n i z a t i o n  d e t e c t o r  and  t h e  
s o u r c e  o f  t h e  mass s p e c t r o m e t e r .  The s e p a r a t i o n  was made on a 
15 .2  m x 0 .51  nun SCOT column c o a t e d  w i t h  OV 1 7  and t e m p e r a t u r e  
programmed from 10O-25O0C a t  4 O C  min-1. 

\ 
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SHORT TIME REACTION PRODUCTS OF COAL LIQUEFACTION 
AND THEIR RELEVANCE TO THE STRUCTURE OF COAL 

Malvina F a r c a s i u  

Mobil Research and Development C o r p o r a t i o n  
C e n t r a l  Research D i v i s i o n  

P. 0. Box 1025 
P r i n c e t o n ,  New J e r s e y  08540 

INTRODUCTION 

The subject of  t h e  chemical s t r u c t u r e  of  coal i s  a m o s t  as con- 
t r o v e r s i a l  as it i s  complex. The complexi ty  o f  t h i s  problem i s  par -  
t i a l l y  due t o  t h e  l a c k  of homogeneity and s o l u b i l i t y  of  coals, as w e l l  
as  t o  t h e  l a r g e  v a r i e t y  of  o r g a n i c  r o c k s  l a b e l e d  as coals. 

A fundamental  q u e s t i o n  i s  whether w e  can even c o n s i d e r  a chemica l  
s t r u c t u r e  f o r  a s p e c i f i c  c o a l .  Exper imenta l  d a t a  i n d i c a t e s  t h a t  t h e r e  
are  s imi la r i t i es  i n  t h e  p h y s i c a l  p r o p e r t i e s  of  some groups  of c o a l  and 
i n  t h e i r  behavior  toward d i f f e r e n t  chemica l  r e a c t i o n s :  t h i s  a t  leas t  
a l l o w s  us  t o  speak of  e lements  o f  s t r u c t u r e  i n  coal. 

T r a d i t i o n a l l y ,  b o t h  p h y s i c a l  and chemica l  d a t a  have  been used  t o  
s t u d y  coals. Both k i n d s  o f  methods r e q u i r e  a l a r g e  amount of  e x p e r i -  
mental work and h i g h l y  s p e c i a l i z e d  competence i n  t h e  unders tanding  
and a p p l i c a t i o n  o f  t h e  method i t s e l f .  T h i s  makes it q u i t e  d i f f i c u l t  
f o r  any i n d i v i d u a l  t o  master a l l  t h e  a s p e c t s  o f  t h i s  k ind  of r e s e a r c h .  
F u l l y  aware o f  t h i s  r e a l i t y ,  I w i l l  t r y  t o  p r e s e n t  some o f  o u r  p r e s e n t  
c o n c e p t s  on coal s t r u c t u r e .  These c o n c e p t s  are b a s e d  on d a t a  a v a i l a b l e  
i n  t h e  l i t e r a t u r e  as  w e l l  as from our  own experiments .  The main i d e a  
i s  t o  use  as much informat ion  as p o s s i b l e ,  which h a s  been o b t a i n e d  by 
methods as d i f f e r e n t  as p o s s i b l e ,  and to  q u e s t i o n  a l l  the d a t a ,  
e x p e c i a l l y  t h o s e  which can be proven by  a s i n g l e  method only.  One 
should  mention t h a t  p r e v i o u s  work by  Given [ l ]  and W i s e r  [ 2 ]  was b a s e d  
on a s i m i l a r  approach.  I n  t h i s  paper  w e  w i l l  d i s c u s s  some new d a t a ,  
which w a s  n o t  a v a i l a b l e  to  them when t h e y  proposed s e v e r a l  r e p r e s e n -  
t a t i v e  c o a l  average  s t r u c t u r e s .  

RESULTS AND DISCUSSION 

The f i r s t  s t e p  i n  t h e  chemica l  a n a l y s i s  o f  a coal is  t h e  de te rmin-  
a t ion of  i t s  mois ture-ash- f ree  e l e m e n t a l  composi t ion.  For  example, f o r  
t w o  c o a l s  which have been e x t e n s i v e l y  s t u d i e d  f o r  l i q u e f a c t i o n  b e h a v i o r  
t h e  e l e m e n t a l  composi t ion ,  c a l c u l a t e d  f o r  100 atoms is: 
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Coal 

I l l i n o i s  #6 
(Monter ey) 

Elementa l  Composition 

C50.8H4304.8S0.8N0.6 i 
Wyodak ‘48. 4H42. 4’8.6’0. 07N0. 5 

A look a t  t h e  above  d a t a  g i v e s  s e v e r a l  h i n t s  about  c o a l  s t r u c t u r e :  

1 1. For  each 100 atoms i n  c o a l  o v e r  90 are atoms o f  carbon and 
hydrogen. S t o i c h i o m e t r y  d i c t a t e s  t h a t  t h e  m a j o r i t y  of  t h e  
chemica l  bonds i n  c o a l  w i l l  be carbon-carbon and carbon-  
hydrogen. I 

2 .  Oxygen i s  t h e  main he te roa tom and unders tanding  i t s  chemis t ry  I 
d u r i n g  any coal t r a n s f o r m a t i o n  i s  e s s e n t i a l .  For each r e a c t i o n  
performed f o r  t h e  u s u a l  purpose  o f  removing s u l f u r  and n i t r o g e n .  
u n d e r s t a n d i n g  what happens t o  oxygen i s  very i m p o r t a n t ,  as w e l l  
as how i t s  r e a c t i v i t y  a f f e c t s  t h o s e  o f  N and S f u n c t i o n s .  

Looking a t  p o s s i b l e  coal s t r u c t u r e s ,  t w o  a s p e c t s  are r e l e v a n t :  

a) t h e  chemica l  f u n c t i o n s  i n  which t h e  heteroatoms appear ,  

b) t h e  carbon s k e l e t o n  of  t h e  rest. 

The m o s t  i m p o r t a n t  chemica l  f u n c t i o n a l i t i e s  i n  c o a l  are [ 3 ] :  f o r  
oxygen: phenols ,  e t h e r s ,  c a r b o x y l i c  a c i d s ,  qu inones ;  f o r  n i t r o g e n :  
p y r r o l e  and p y r i d i n e  d e r i v a t i v e s .  

These f u n c t i o n a l i t i e s  can b e  p r e s e n t  i n  l a r g e r  or  smaller r e l a t i v e  
amounts i n  a g i v e n  coal, b u t ,  q u a l i t a t i v e l y , a l l  t h e  coals c o n t a i n  t h e  
same kind of  chemica l  f u n c t i o n s .  

The carbon s k e l e t o n  o f  c o a l  i s  perhaps  t h e  most c o n t r o v e r s i a l  
a s p e c t  o f  t h e  r e s e a r c h  on c o a l  s t r u c t u r e .  Three  major q u e s t i o n s  are 
of  i n t e r e s t  i n  t h i s  f i e l d :  

1. What i s  t h e  p e r c e n t a g e  of  a r o m a t i c  carbons?  

2 .  How condensed are t h e  a r o m a t i c  r i n g  s t r u c t u r e s ?  

3 .  What i s  t h e  c a r b o n  s k e l e t o n  of t h e  a l i p h a t i c  p o r t i o n  of t h e  
c o a l ?  

The p e r c e n t a g e  o f  aromatic carbon can now be determined by s o l i d -  
s t a t e  13C-NMR. 
Berkeley made t h e  q u a n t i t a t i v e  measurements f o r  t h e  coals d i s c u s s e d  i n  
t h i s  paper. 

A l e x  P i n e s  from t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  

T o  answer t he  o t h e r  two q u e s t i o n s  r e l a t e d  t o  t h e  carbon s k e l e t o n ,  
s e v e r a l  approaches  c a n  be taken.  
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One of  them i s  a c a r e f u l  s t r u c t u r e  d e t e r m i n a t i o n  o f  t h e  s h o r t  
t ime r e a c t i o n  p r o d u c t s  o f  t h e  thermal  l i q u e f a c t i o n  o f  coal [41. 
During t h e  l as t  f o u r  y e a r s  w e  worked on a r e s e a r c h  p r o j e c t  s u p p o r t e d  
i n  p a r t  b y  t h e  E l e c t r i c  Power Research I n s t i t u t e .  One of t h e  purposes  
of t h i s  p r o j e c t  was t o  e s t a b l i s h  t h e  chemica l  composi t ion of Short  
c o n t a c t  t i m e  thermal  l i q u e f a c t i o n  p r o d u c t s  ( i n c l u d i n g  S t r u c t u r e ) .  W e  
w i l l  now d i s c u s s  how t h i s  d a t a  c a n  be used  t o  o b t a i n  i n f o r m a t i o n  a b o u t  
c o a l  s t r u c t u r e .  

I n  t h e  s h o r t  t i m e  of  2+5 minutes ,  coal d i s s o l v e s  i n  t h e  p r e s e n c e  
o f  an H-donor: i n  t h e  absence o f  a n  added c a t a l y s t  o n l y  a few bonds are  
a c t u a l l y  broken. Work a t  Mobil [4], Exxon [5] and Oakridge N a t i o n a l  
Labora tory  [6] i n d i c a t e s  tha t  o f  t h e  f o l l o w i n g  r e a c t i o n s  t a k e  
p l a c e  : 

0 

o D e s t r u c t i o n  or format ion  o f  p o l y c y c l i c  s a t u r a t e d  s t r u c t u r e s .  

Hydrogenat ion o f  a r o m a t i c  p o l y c y c l i c  hydrocarbons,  

A c o r o l l a r y  o f  t h i s  i s :  i f  t h e s e  polyaromat ic  or p o l y c y c l i c  s a t u r a t e d  
s t r u c t u r e s  are p r e s e n t  i n  c o a 1 , t h e y  should  be i d e n t i f i e d  i n  t h e  thermal 
l i q u e f a c t i o n  products .  

Many o f  t h e  chemica l  f u n c t i o n a l i t i e s  are also stable i n  t h e s e  
c o n d i t i o n s ,  e s p e c i a l l y  the O . S , N  h e t e r o c y c l i c  s t r u c t u r e s .  Water 
f o r m a t i o n  by phenol  dehydrogenat ion i s  also minimal. W e  found t h a t  
i n  coal convers ions  even a t  long r e a c t i o n  t i m e s  ( u p  t o  90 minutes)  
i n  t h e  absence  o f  an added c a t a l y s t ,  t h e  -OH bonded t o  a monoaromatic 
r i n g  i s  stable. I n  t h e  same c o n d i t i o n s ,  dehydroxyla t ion  o f  n a p h t h e n i c  
phenols  does  occur  [ 71 . 

The degree  o f  r i n g  condensa t ion  o f  t h e  aromatic p a r t  c a n  be s e m i -  
q u a n t i t a t i v e l y  determined i n  c o a l  l i q u i d s  [4]. I t  h a s  been found t h a t  
i n  t h e  s h o r t  t ime l i q u e f a c t i o n  p r o d u c t s ,  t h e  m a j o r i t y  o f  t h e  aromatic ' 

r i n g s  are as i n  benzene and  naphtha lene .  
w i t h  t h e  d a t a  o b t a i n e d  by  Hayatsu,  S c o t t ,  Moore and S t u d i e r  [9], u s i n g  
a n  o x i d a t i v e  method and w i t h  t h e  u v - v i s i b l e  s p e c t r o s c o p y  d a t a  r e p o r t e d  
by F r i e d e l  and Q u e i s e r  [lo]. I conclude  t h e n  t h a t  i n  t h e  subbi tuminous 
and b i tuminous  c o a l s  s t u d i e d  by  u s  and o t h e r s ,  t h e  aromatic carbons are 
n o t  p r e s e n t  i n  s i g n i f i c a n t  amounts as h i g h l y  condensed r i n g s .  

Concerning t h e  carbon s k e l e t o n  o f  t h e  a l i p h a t i c  p o r t i o n ,  t h e r e  
are no methods f o r  d i r e c t  i d e n t i f i c a t i o n .  However, f o r  a g i v e n  formula 
i f  t h e  t o t a l  number o f  C and H i s  known, as w e l l  as t h e  p e r c e n t a g e s  of 
a r o m a t i c  and a l i p h a t i c  carbon and hydrogen a p o s s i b l e  s t r u c t u r e  f o r  
t h e  a l i p h a t i c  p a r t  may be i n f e r r e d .  

These d a t a  are c o n s i s t e n t  

Possible a v e r a g e  chemical  s t r u c t u r e s  p r e s e n t  i n  s h o r t  t i m e  r e a c t i o n  
p r o d u c t s  have been  determined by a methodology w e  have a l r e a d y  r e p o r t e d  
[4,8]. F r a c t i o n s  w i t h  average  molecular  s t r u c t u r e s  as i n  F i g u r e s  1-4 
are c o n s i s t e n t  wi th  t h e  e x p e r i m e n t a l  d a t a .  

A s  shown i n  F i g u r e  1 f o r  a g i v e n  molecular  formula ,  there is  a 
r e l a t i o n s h i p  between t h e  degree  o f  aromatic r i n g  c o n d e n s a t i o n  and t h e  
d e g r e e  o f  a l i p h a t i c  r i n g  condensa t ion .  
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The re la t ive number o f  a l i p h a t i c  hydrogens and carbons  i s  con- 
s i s t e n t  w i t h  the p r e s e n c e  o f  some polycondensed a l i p h a t i c  s t r u c t u r e s .  
The number o f  t h e  polycondensed a l i p h a t i c  r i n g s  seems q u i t e  h i g h  i n  
c e r t a i n  Wyodak coal  l i q u i d s  o b t a i n e d  i n  a thermal p r o c e s s  a t  s h o r t  
r e a c t i o n  t i m e  ( F i g u r e  4 ) .  I t  is  l i k e l y  t h a t  such s t r u c t u r e s  are also 
p r e s e n t  i n  Wyodak c o a l .  Other  e x p e r i m e n t a l  d a t a  are  a l s o  i n  f a v o r  of  
t h i s  e x p l a n a t i o n .  For  example, t h e  o x i d a t i v e  method used by Den0 

polycondensed a l i p h a t i c  r i n g s  are n o t  p r e s e n t .  The r e s u l t s  o b t a i n e d  
by  t h i s  method f o r  Wyodak c o a l  are  nonreproducib le  and t h e  o x i d a t i o n  
products  a r e  d i f f i c u l t  t o  ana lyze .  

o f  t h e  a l i p h a t i c  r i n g s .  The c a l c u l a t i o n  i s  based  on t h e  elemental 
a n a l y s i s  o f  t h e  c o a l  and t h e  p e r c e n t  o f  aromatic carbon o b t a i n e d  by 
13C-NMR i n  s o l i d  s ta te  [ 4 ] .  Based on t h i s  method, t h e  Wyodak coal 
used  i n  t h e  l i q u e f a c t i o n  s t u d y  t o  obtain d a t a  as i n  F i g u r e  2 con- 
t a i n e d  44-50% aromatic carbon.  T h i s  would be c o n s i s t e n t  w i t h  2 t o  
8 a l i p h a t i c  r i n g s  f o r  100 atoms o f  carbon. W e  should  note  t h a t  some 
o t h e r  samples  o f  Wyodak coal f o r  which w e  measured t h e  a romat ic  con- 
t e n t  were somewhat more aromatic (SO-70% aromatic carbon). 

1 

e t  a l .  [ l l ] ,  g i v e s  s e l e c t i v e  o x i d a t i o n  o f  aromatic s t r u c t u r e s  o n l y  i f  l 

Another approach is a d i r e c t  c a l c u l a t i o n  o f  t h e  p o s s i b l e  number 

The d a t a  w e  p r e s e n t e d  are based  on t h e  s i m i l a r i t y  of  t h e  e lements  
o f  s t r u c t u r e  i n  coal and i n  t h e  s h o r t  c o n t a c t  t i m e ,  n o n c a t a l y t i c  
l i q u e f a c t i o n  products .  These e lements  o f  s t r u c t u r e  could  be bound 
t o g e t h e r  w i t h  low energy  t h e r m a l l y  labile bonds. A s  d e s c r i b e d  i n  t h e  
l i t e r a t u r e  [ 4 , 6 ] ,  t h e s e  weak bonds could  be: 

ArCH2-XAr bonds (X = O,S,C-Ar). 

An i m p o r t a n t  p r a c t i c a l  consequence o f  knowing t h e  coal s t r u c t u r e  
and t h e  s t r u c t u r e  o f  i t s  s h o r t  t i m e  l i q u e f a c t i o n  p r o d u c t s  i s  t h e  
unders tanding  of  t h e  p o s s i b l e  l i m i t s  of  r e d u c t i o n  o f  H-consumption 
f o r  t h e  l i q u e f a c t i o n  o f  a p a r t i c u l a r  coal. I n  F i g u r e  5 w e  make such 
c o r r e l a t i o n s .  T h i s  a s p e c t  w i l l  be d i s c u s s e d  more f u l l y  i n  the f u t u r e .  

I 
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G e n e r a l  F o r m u l a  C31H2702 

A r o m a t i c  Moiety C18H10-ll (‘H-NMR, 13C-NMR) 

VARIANT 1 
( u n l i k e l y )  

A r o m a t i c  S t r u c t u r e s  C o n s i d e r e d  

VARIANT 2 VARIANT 3 
( u n l i k e l y )  

- 
P o s s i b l e  A v e r a g e  S t r u c t u r e s  

s t r u c t u r e )  

4 

! 

, 

F i g u r e  1: P o s s i b l e  A v e r a g e  S t r u c t u r e  for a S h o r t  C o n t a c t  T i m e  
F rac t ion  SESC-3 of Monterey C o a l .  
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G e n e r a l  Formula C43H3802 

A r o m a t i c  Moiety C26H18 ('H-NMR, I3C-NMFt) 

A r o m a t i c  Structures C o n s i d e r e d :  

VARIANT 1 VARIANT 2 

a +a 
P o s s i b l e  A v e r a g e  Structures:  

$ 0 0 

0 q p p  

F i g u r e  2:  P o s s i b l e  A v e r a g e  Structures for Wyodak S E S C - 3  
Short  C o n t a c t  T i m e  SRC 
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F i g u r e  3: F r a c t i o n  SESC-4  Monterey C o a l  Shor t  
C o n t a c t  T i m e  SRC 

'3 4H3 3'2.5 5H0. 3'0.4 

% A r o m a t i c  C = 59 

% A r o m a t i c  H = 43 

A r o m a t i c  Par t  C20H14 

HO & 
A l i p h a t i c  P a r t  CL4Hl9 

1 A l i p h a t i c  E t h e r  + 4 S u b s t i t u t e n t s  
C14H19 + 2 + 4 = C H 14 25 

C14H26 -- 3 C o n d e n s e d  A l i p h a t i c  R i n g s  
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C a l c u l a t e d  B a s e d  on E x p e r i m e n t a l  D a t a :  

Av.  MW = 600 C43H36N02 

A r o m a  t i c  C 2  7H18 -19 ( 'H-NMR, I3C-NMR) I n  f o r m u l a :  

C 2 6 H 1 8  ( 6 2 %  A r o m a t i c  C ,  52% A r o m a t i c  H )  

H1O H3 

H7 

B e n z y l i c  ( 2 - 3  ppm) 

A l i p h a t i c  16 H? H18 

Figure  4: A v e r a  e C a r b o n  S k e l e t o n  F o r m u l a  for 
Wyodaz SRC 
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UI~UCTION OF THE STRUCTURE OF BROWN COAL 
BY REACTION WITH PHENOL 

R . J .  Hooper* and D.G. Evans' 

* D.S.1 .R. Indus t r ia l  Processing Division, P r i v a t e  Bag. Petone, New Zealand 
+ Centre f o r  Envimnmental Studies ,  Universi ty  o f  Melbourne, Parkvi l le ,  Vic tor ia  

3052, Austral ia .  

INTRODUCTION 

To make any r e a l  progress i n  t h e  a b i l i t y  t o  pred ic t  and control  t h e  l i q u i f a c t i o n  of 
coal  by hydrogenation it is  necessary t o  know what chemical react ions a r e  occurring. 
Modern preparat ive and a n a l y t i c a l  techniques such as e lu t ion  chromatography, m a s s  
spectroscopy and proton nmr have made t h e  task of character iz ing t h e  products of 
l iquefac t ion  react ions much e a s i e r  than h i t h e r t o ,  bu t  t h e  task of  charac te r iz ing  t h e  
coal  before  reac t ion  remains almost as i n t r a c t i b l e  as ever, because these  new 
methods depend on t h e  ana lys i s  samples being i n  t h e  l i q u i d  form (or i n  the  case of 
m a s s  spectroscopy, able  t o  be completely vaporized). 

This i s  not a new problem, of course. 
niques have been suggested as tools  f o r  deducing coal s t ruc ture ,  e .g .  oxidation, 
hydrogenation, a l k a l i n e  hydrolysis ,  pyrolysis  and ex t rac t ion  with powerful solvents  
( e i t h e r  alone or i n  conjunction with o t h e r  methods such as  thermal pre-treatment. 
use of  u l t rasonics ,  e tc . )  . These s u f f e r  from one of two disadvantages: with the  
r e l a t i v e l y  mild physical methods i n s u f f i c i e n t  coa l  is got i n t o  s o l u t i o n  t o  be useful  
( l e s s  than 20% is t y p i c a l ) ;  but with chemical methods, including pyro lys i s ,  t h e  
treatment is so harsh t h a t  i n t e r p r e t a t i o n  of the  s t r u c t u r e  of t h e  o r i g i n a l  coal  i n  
terms o f  t h a t  of t h e  products i s  of dubious v a l i d i t y .  
a ted temperatures, as i n  pyrolysis  or other  thermal treatments, i s  t o  be, avoided, as 
f r e e  rad ica ls  formed by cleaving fragments o f f  t h e  main body of  t h e  coa l  molecule 
may polymerize t o  form s t r u c t u r e s  which were not  present  in  t h e  o r i g i n a l  coal .  

Over t h e  years  many s o l u b i l i z a t i o n  tech- 

In  p a r t i c u l a r ,  use of e lev-  

I f  it is  accepted t h a t  coal cannot be got  i n t o  so lu t ion  without a l t e r i n g  i t s  s t r u c -  
t u r e  t o  some exten t ,  w e  should look f o r  methods i n  which these changes are  not  large 
enough t o  prohib i t  the  drawing of adequate deductions about t h e  s t r u c t u r e  of the  
o r i g i n a l  coal ,  while a t  t h e  same time present ing the  reac ted  coal i n  a form s u i t a b l e  
for s t r u c t u r a l  examination. This would requi re  a t  l e a s t  80% of  the coal  t o  be 
so lubi l ized ,  with t h e  so luble  mater ia l  low enough i n  molecular weight t o  ensure t h a t  
it i n  turn  i s  soluble  i n  mild organic so lvents ,  as required f o r  preparat ive tech- 
niques such as solvent  f rac t iona t ion  or chromatography. 

The methods w e  considered were Friedel-Craf ts  react ions of var ious kinds (a lkyla t ion  
and acylat ion)  and depolymerization of t h e  coal  by using it t o  a lkyla te  phenol, as 
f i r s t  proposed by Heredy and co-workers ( l ) ,  and extensively inves t iga ted  by them 
(1-5) and by Ouchi and co-workers (6-11). From the  recent  review o f  these methods 
by Larsen and Kuemerrle (12) i t  appears t h a t  molecular weights of t h e  coal  fragments 
produced a r e  higher  for a lkyla t ion  and acyla t ion  methods ( typ ica l ly  severa l  thou- 
sand, even a f t e r  allowing f o r  t h e  added acyl o r  a lkyl  groups) than f o r  the  mater ia l  
depolymerized i n  phenol ( l e s s  than a thousand). The only disadvantage of phenol 
depolymerization, compared with t h e  o ther  methods. was i t s  r e l a t i v e l y  weak act ion on 
very high rank coals  (< 9O%C, daf) .  This d id  not  concern us. as we were i n t e r e s t e d  
i n  examining brown coals from t h e  Latrobe Valley, Victor ia ,  Aus t ra l ia ,  with very low 
rank (65-70%C, daf). We therefore  chose t h i s  method, which had already been shown 
by Ouchi and Brooks (9) t o  be very e f f e c t i v e  f o r  t h i s  type of  coal .  We perhaps 
underestimated the  d i f f i c u l t i e s  t h a t  chemically combined phenol would cause us, as 
w i l l  be discussed l a t e r .  
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I n  our plan of a t tack  we first depolymerized the  
Imuta and Ouchi ( I l ) ,  then divided it i n t o  f i v e  f rac t ions  of  progressively increas-  
ing polar i ty ,  using so lvent  f rac t iona t ion ,  then analysed these f rac t ions  separately 
by elemental and func t iona l  group ana lys i s ,  and f u r t h e r  character ized the  f rac t ions  
by running inf ra red  and proton nmr s p e c t r a  on them. 
of combined phenol these d a t a  were put toge ther  t o  bui ld  up a composite p i c t u r e  of 
the  s t ruc ture  of t h e  o r i g i n a l  coal .  Heredy et  a l .  (5) have c a r r i e d  out a similar 
invest igat ion 0n.a s e r i e s  of coals of d i f f e r e n t  ranks. The present  work d i f f e r s  
from t h e i r s  i n  t h a t  it used a more powerful c a t a l y s t  f o r  t h e  phenolation, a more 
dec is ive  solvent  f r a c t i o n a t i o n  scheme, and inf ra red  as 'wel l  as nmr ana lys i s  f o r  
character iz ing t h e  f r a c t i o n s .  Also our coal was lower i n  rank than any o f  those 
they tes ted .  

coal using condi t ions suggested by 

Af ter  allowing f o r  t h e  e f f e c t s  

EXPERIMENTAL 

Coal used 

The coal tes ted  w a s  Morwell brown coa l  from Vic tor ia ,  Aus t ra l ia .  
on a dry basis i s  shown i n  Table 1. This coal contains  over 60% moisture as mined. 
I t  was ground wet t o  80% < 25 mesh, and used i n  t h e  wet s t a t e  (60% moisture). 

Phenolat ion reac t ion  

179 g of wet ground coal ,  75 g o f  p- toluenesulfonic  ac id  c a t a l y s t  and 1300 g of lab- 
oratory grade phenol w e r e  heated under ni t rogen,  and the  water w a s  removed from t h e  
coal by boi l ing a t  183OC ( t h e  b o i l i n g  point  of phenol i s  181.8°C). 
mixture w a s  refluxed a t  183OC f o r  4h, a f t e r  which t h e  phenol was removed by steam 
d i s t i l l a t i o n ,  leaving a s o l i d ,  black, t a r r y  mater ia l  of low melting poin t ,  which 
w a s  separated by decantat ion,  and ex t rac ted  by re f lux ing  f o r  2h with 1200 m l  of  
e thanolbenzene azeotrope (65% benzene, 35% e thanol ) .  The inso luble  mater ia l  w a s  
f i l t e r e d  of f  and dr ied i n  a vacuum oven f o r  12h a t  50°C and 16kPa pressure ( these 
conditions were l a t e r u s e d  t o  remove excess solvent  from a l l  the  f r a c t i o n s  - see 
Figure 1 below). 

Solvent f rac t iona t ion  

To f a c i l i t a t e  l a t e r  s t r u c t u r a l  ana lys i s  the  coal was separated i n t o  s t r u c t u r a l  types 
using t h e  solvent  f r a c t i o n a t i o n  scheme shown i n  Figure 1. 

Analysis 

Its composi.tion 

The remaining 

The or ig ina l  coal and t h e  various f r a c t i o n s  were analysed f o r  carbon, hydrogen and 
oxygen by t h e  C.S.I.R.O. Microanalyt ical  se rv ice .  Ash contents were determined i n  
a standard ashing furnace (13). Phenolic, carboxylic and carbonyl oxygen contents 
were determined by the  S t a t e  E l e c t r i c i t y  Commission of Vic tor ia ,  using methods de- 
veloped by them f o r  brown coals  (14). 

Inf ra red  spec t ra  of t h e  o r i g i n a l  coal and the  f r a c t i o n s  were measured on a Perkin 
Elmer 457 Grating I n f r a r e d  Spectrophotometer. 
were analysed as a t h i n  f i l m  or smear. S o l i d  samples (C, D and or ig ina l  coal) were 
analysed i n  KBr d i scs  containing 0.3% by mass of  sample. 
gr inding the KBr mixture for 2 minutes i n  a tungsten carbide TEMA grinding b a r r e l  , 
drying for  24h i n  a vacuum des icca tor  over phosphorus pentoxide, then pressing i n t o  
d i s c s  a t  10 tons force,  a t  room temperature but under vacuum. 
w a s  dominated by phenol a sample of  it w a s  f u r t h e r  separated by e lu t ion  chromato- 
graphy i n  an attempt t o  separa te  from it mater ia l  l e s s  dominated by phenol. 
Elut ion w a s  c a r r i e d  out  i n  a s i l i c a  column, using e l u t a n t s  i n  t h e  following order: 

Liquid samples ( f rac t ions  A and B) 

These were prepared by 

Because f r a c t i o n  A 
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hexane, chloroform, methanol. 

Proton nmr spec t ra  were recorded on a Varian HA 100 nmr spectrometer a t  room tem- 
perature ,  with te t ramethyls i lane (TMS) as i n t e r n a l  standard, with a sweep width of 
0 t o  1000 Hz from TMS. For f r a c t i o n  A a so lu t ion  of deuterated chloroform w a s  
used; f rac t ions  B and C were not  so luble  i n  CDC1, and pyridene -d, had t o  be used; 
f rac t ions  D and the whole coa l  were barely soluble  even i n  pyridene -d5, b u t  enough 
dissolved t o  ge t  spec t ra .  
whole mater ia l .  

These w i l l  not ,  of course, be representa t ive  of t h e  

RESULTS 

Yields and compositions 

Table 1 shows the y i e l d s  o f  t h e  f i v e  f rac t ions  per  100 g of o r i g i n a l  dry coal  and 
t h e i r  cbmpositions, including a breakdown of t h e  oxygen i n t o  carboxylic, phenol ic  
and other  oxygen. Note t h a t  p a r t  of  t h e  ash-forming mater ia l  has been removed by 
t h e  so lubi l iz ing  process (much of t h e  non-organic mater ia l  i n  Monrell coa l  is ion- 
exchangeable, and would have been replaced by hydrogen ions from t h e  p-toluene- 
su l fonic  acid; t h i s  w a s  confirmed by ash analysis :  e.g. ash from the o r i g i n a l  coal  
contained 50% SiO, and 10% MgQ, whereas f r a c t i o n  D ash contained 80% SiOz and only 
1% M@). 
must have been added. This cons is t s  of  combined phenol and unseparated so lvents ,  
as w i l l  be discussed later. This  d i l u t i o n  r e s u l t s  i n  the  f rac t ions  having higher  
carbon contents and lower oxygen contents than the o r i g i n a l  coal .  
content decreases from A t o  D as t h e  f rac t ions  become l e s s  a l i p h a t i c  and more aro- 
matic and polar .  

Infrared spec t ra  

The inf ra red  spec t ra  of t h e  f rac t ions  and t h e  or ig ina l  coal a r e  shown i n  Figure 2. 
The spectra  of the  e l u t e d  sub-fract ions of f rac t ion  A a r e  not  given here. 

A s  already mentioned f rac t ion  A i s  dominated by phenol; nevertheless  s t rong  aLi- 
phat ic  absorptions can be seen a t  2920. 2850, 1460 and 1380 cm-l. 
subfract ions A 1  (e luted by hexane, a very small par t  of A) and A2 (e luted by chloro- 
form, about a quar te r  o f  A) showed these a l i p h a t i c  absorptions very s t rongly.  The 
spectrum f o r  A 1  showed l i t t l e  e l s e ,  and t h i s  sub-fract ion is probably v i r t u a l l y  pure 
paraf f ins .  The spectrum f o r  A2  resembled the spec t ra  f o r  phenol e t h e r  and phenetole 
(C,H50C,H5). Absorption due t o  hydrogen - bonded hydrogen i s  negl ig ib le ,  showing 
t h a t  a l l  the  phenol i n  t h i s  sub-fract ion has been converted t o  e thers .  The spectrum 
for  subfract ion A3 (which c o n s t i t u t e s  about three quar te rs  of A) was dominated by 
phenol, but  some a l i p h a t i c  absorptions s t i l l  showed, and t h i s  sub-fract ion may w e l l  
consis t  of phenol bonded t o  small-coal fragments by methylene br idges.  
t ions  f o r  A, A2 and A3 a t  1250 cm a r e  probably due t o  e t h e r  oxygen. 

Fraction B i s  i n  many ways s imi la r  t o  f r a c t i o n  A ,  but with much weaker a l i p h a t i c  ab- 
s o q t i o n .  
cm , a weak aromatic absorption a t  3030 cm and many o ther  absorptions character-  
i s t i c  of phenol. 
cm-1, and e t h e r  oxygen absorption at 1250 cm l .  

Fractions C,  D and E have s p e c t r a  s i m i l a r  t o  those of the o r i g i n a l  coal. 
longer dominates, although t h e  hydrogen bonded -OH absorption a t  3400 cm-l is s t i l l  
s t rong.  
a t  1700 cm-I due t o  carboxylic oxygen, which was qui te  s t rong f o r  the  whole coal ,  is 
a l s o  qui te  pronounced f o r  f r a c t i o n s  C and D. 

A s  t h e  t o t a l  y i e l d  of f rac t ions  was 202 g/lOO g of o r i g i n a l  coal  102 g 

The hydrogen 

The s p e c t r a  of  

The absorp- 

I t  has a s t rong absorption due f o  hydrogen - bonded hydrogen a t  3400 

I t  a l s o  shows weak a l i p h a f i c  absorptions a t  2920, 1460 and 1380 

Phenol no 

The shoulder Aliphat ic  absorption is  weak i n  C and E and negl ig ib le  i n  D. 

( I t  w a s  absent from f r a c t i o n s  A and 
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B) . 
broad absorption from 1200-1000 cm present  i n  t h e  whole coal i s  a l s o  present i n  
f rac t ions  C and D although absent from A, B and E. Doubtless oxygen groups con- 
t r i b u t e  to  t h i s ,  but  we be l ieve  it i s  mainly due t o  s i l i c a ,  which is  a major con- 
s t i t u e n t  of  t h e  ash. 
s t rong  acids or by f loa t / s ink  separa t ions ,  

N m r  spec t ra  

Figure 3 shows nmr s p e c t r a  f o r  f r a c t i o n s  A, B, C and E .  

Table 2 shows the forms t h e  protons a re  present i n ,  as determined from these  spec t ra .  
The da ta  for f r a c t i o n  D and the  whole coa l  a r e  shown i n  brackets ,  as these samples 
were v i r t u a l l y  inso luble  i n  pyr id ine ,  and t h e  s p e c t r a  represent  only the  small s o l -  
uble portions. This t a b l e  demonstrates t h e  d i f f i c u l t i e s  the  coa l  chemist faces i n  
t r y i n g  to  use proton nmr on physical  so lu t ions  o f  coal: 
t h e  whole c o a l  shows no hydrogen-bonded protons despi te  t h e  evidence of t a b l e  1; it 
shows no t r ia romat ic  o r  methylene br idge protons, desp i te  the  presence of appreciable 
amounts of these i n  t h e  f rac t ions ;  on t h e  other  hand it shows f a r  more methylene a 
and methyl 13 than do t h e  f r a c t i o n s .  

The nmr data  confirm and amplify t h e  i n f r a r e d  da ta :  
present  from phenol ic  and carboxylic groups i n  t h e  coal and phenol groups added i n t o  
t h e  chemically combined phenol. The monoaromatic content (of f rac t ions  A and B 
especial ly)  i s  high, a l s o  because of  added phenol, bu t  d i - r ing  aromatic mater ia l  i s  
a l s o  present i n  a l l  f r a c t i o n s  (even t r ia romat ic  i n  C ) ,  which m u s t  have come from the 
o r i g i n a l  coal .  The a l i p h a t i c  mater ia l  observed i n  t h e  i n f r a r e d  spec t ra  of A, B 
and C i s  now seen t o  cons is t  p r i n c i p a l l y  of methylene br idges and s h o r t ,  branched 
a l i p h a t i c  chains (a and f3 - methyl predominate). 

This checks wel l  with t h e  dara  i n  Table 1 obtained by chemical analysis .  The 

I t  could be v i r t u a l l y  removed by deashing t h e  coal with 

e .g .  t h e  soluble  p a r t  of 

hydrogen bonded protons a r e  

DISCUSSION 

Combined phenol 

The t o t a l  combined phenol w a s  estimated as  follows: 

Using the y i e l d  and composition d a t a  of Table 1 elemental balances were drawn up, as 
i n  Table 3. The t h i r d  last l i n e  gives the  masses o f  t h e  various cons t i tuents  o f  
t h e  added mater ia l .  The second last l i n e  gives the  amount of phenol t h i s  would 
account f o r ,  assuming a l l  t h e  added oxygen w a s  from phenol (none from ethanol  o r  
methanol). The last l i n e  gives t h e  remainder, which is  close i n  composition t o  
benzene (which could be p r e s e n t a s  a contaminant i n  f r a c t i o n s  B and C). 
f rac t iona t ion  scheme shown i n  Figure 1 ethanol  contamination of any f rac t ion  i s  un- 
l i k e l y ,  but pentane contamination of  f rac t ion  A and methanol contamination of  D and 
E a re  possible .  We r e j e c t e d  these because pentane w a s  no t  picked up f r o m  f rac t ion  
A by hexane e l u t r i a t i o n  while preparing subfract ion A 1  ( t h i s  w a s  neg l ig ib le  i n  mass), 
and D w a s  too  d e f i c i e n t  i n  hydrogen and oxygen t o  contain any appreciable amaunt of 
methanol. 
so small t h a t  any such e f f e c t  would be negl ig ib le .  

Distr ibut ion o f  hydrogen on a phenol - and solvent-free b a s i s  

We can now determine t h e  d i s t r i b u t i o n  of  hydrogen i n  t h e  o r i g i n a l  coal ,  but  f i r s t  we 
have t o  estimate the hydrogen d i s t r i b u t i o n  i n  f r a c t i o n  D, which could not be deter-  
mined by nmr ana lys i s .  
r e s u l t s  of  t h e  hydrogenation of f r a c t i o n s  A t o  D i n  t e t r a l i n .  
low-hydrogen residue,  which still could not  be analysed by nmr, and a high-hydrogen 

' 

I n  the 

Methanol could have been present  i n  E ,  but  t h e  m a s s  of t h i s  f rac t ion  was 

In another paper presented t o  t h i s  Congress (15) we reported 
Fract ion D yielded a 
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l i q u i d  product separated by b o i l i n g  of f  excess t e t r a l i n .  From i t s  nmr analysis  and 
t h e  known amount o f  funct ional  group hydrogen i n  the  o r i g i n a l  f rac t ion  (0.05 g/100 g 
o r i g i n a l  coal)  we concluded t h a t  t h e  a l i p h a t i c  hydrogen i n  the o r i g i n a l  f rac t ion  w a s  
about 0.3 g/lOO g, and t h e  remaining 0.8 g of hydrogen/100 g was aromatic hydrogen 
of various kinds. 

In Table 4 t h e  r e s u l t s  of the  nmr analyses (Table Z), the  est imates  of combined 
phenol and contaminant benzene (Table 3), and t h e  above est imates  o f  the d i s t r i -  
but ion of hydrogen i n  f rac t ion  D a r e  manipulated t o  give a composite es t imate  of 
hydrogen i n  various forms i n  t h e  o r i g i n a l  coal  ( the  aromatic hydrogen i n  f r a c t i o n  D 
is assumed t o  follow t h e  same p a t t e r n  as i n  A,  B and C ,  and t h e  a l i p h a t i c  hydrogen 
is  a l s o  assumed t o  be d i s t r i b u t e d  as i n  A, B and C ) .  
by difference the hydrogen present  i n  various forms i n  t h e  or ig ina l  coal (second 
last l i n e  o f  Table 4 ) .  

Dis t r ibu t ion  of s t r u c t u r a l  types 

The d i s t r i b u t i o n  of  hydrogen ca lcu la ted  above, together  with the d i s t r i b u t i o n  of 
funct ional  group oxygen (Table l ) ,  between them define a s t a t i s t i c a l l y  probable 
s t r u c t u r e  f o r  Moxwell brown coal .  
i n  Table 5 estimates of the  numbers of carbon atoms associated with each type of 
hydrogen atom t h a t  not only pred ic t  approximately the  correct  mass o f  carbon p e r  
100 g of coal but  a l s o  allow f o r  approximately the  required number of s u b s t i t u e n t s  
i n  t h e  aromatic groups, and f o r  t h e  br idges connecting the  groups. There may, of 
course, a l so  be some carbon not associated with hydrogen, such as acyl br idges and 
t e r t i a r y  carbons i n  s i d e  chains ( see  l a t e r ) .  We note i n  passing t h a t  t h e  g r e a t e s t  
d i f f i c u l t y  i n  meeting the  above requirements i s  i n  accommodating t h e  oxygen not  ac- 
counted f o r  i n  funct ional  groups. 

We w i l l  conclude with a b r i c f  discussion o f  the  forms taken by t h e  three  main s t r u c -  
t u r a l  groups : oxygen groups, aromatic groups and a l i p h a t i c  groups. 

Oxygen groups: A s  seen from Table 1. 25% of the dry coal w a s  oxygen, 5% i n  t h e  form 
of phenolic groups, 5% carboxylic, and 3% carbonyl. The present  work throws l i t t l e  
l i g h t  on t h e  remaining 12%. 
confirm t h i s :  
reac t ion .  
i n f r a r e d  spec t ra  of res idues l e f t  a f t e r  the  reac t ion  of f rac t ions  C and D with 
t e t r a l i n  (15). 

Aromatics: 
t u r e s  (diphenyl, naphthalene and polynuclear) i s  noteworthy, and unexpected from 
previous s tud ies  on brown coal (16, 17). The t o t a l  aromatic content may have been 
overestimated s l i g h t l y  by the procedure used t o  es t imate  the  hydrogen d i s t r i b u t i o n  
of f rac t ion  D. but t h i s  would make l i t t l e  difference t o  t h e  contents  o f  the  higher  
aromatics. 

Aliphat ics :  
content (more than 25% of a l l  hydrogen), which again was not  expected from e a r l i e r  
models (16). 
similar t o  t h e  present one 12% of t h e  hydrogen in a l i g n i t e  was found t o  be i n  t h e  
form o f  methylene bridges. 
phenolation react ion (indeed Heredy's favored mechanism requires  t h e  p r i o r  presence 
of such br idges,  and the  large content found i n  t h i s  work appears t o  confirm h i s  
mechanism as  being the most important one i n  t h e  phenolation reac t ion) .  I f  t h e  
q u a n t i t i e s  i n  Table 5 are  ca lcu la ted  out i n  t e r n  of  the  numbers o f  s t r u c t u r e s  r a t h e r  
than t h e i r  masses, w e  ge t  0.45 mole of  aromatic groups per  100 g o f  coal  and 0.65 
mole of methylene bridges per  100 g. 
p e r  aromatic group, i . e .  a high degree of  crossl inking must be present ,  probably i n  

From t h i s  we can c a l c u l a t e  

Rather than attempt t o  draw a s t r u c t u r e  w e  give 

Some e thers  are thought t o  be present ,  but we cannot 
e thers  noted i n  f rac t ions  A and B could have come from the  phenolation 

There was some indica t ion  of  t h e  presence of benzofuran groups from the 

No doubt o ther  he te rocycl ic  oxygen i s  present  a l so .  

The presence of r e l a t i v e l y  large proport ions of higher  aromatic s t m c -  

The most  surpr i s ing  r e s u l t  o f  t h i s  work is the  high methylene br idge 

However it should be noted t h a t  i n  t h e  study by Heredy et  a l .  (5) 

I t  seems unl ikely t h a t  these bridges were formed by the 

This means t h a t  there  i s  more than one br idge 
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a three-dimensional network. 
present .  

Another s u r p r i s i n g  r e s u l t  is t h e  high number of  6-methyl and 8-methylene groups 
(0.23 mole/100 g coal) without corresponding a-methylenes (only 0.02 mole/100 g ) .  
This could be explained only by t h e  presence of tertiary butyl  groups (note  t h a t  
Swann e t  a l .  (18) recovered 2,6-di-t-butyl-4-methylphenol from a s i m i l a r  brown coal 
by evacuation a t  35OC). The mater ia l  reported here  as B-methyl occurred a t  6 = 1.2  
(Figure 3) ,  which Heredy e t  al .  (5) i n t e r p r e t  as 6-methylene groups i n  naphthenic 
r ings .  If they a r e  r i g h t  t h i s  would put  q u i t e  a d i f f e r e n t  complexion on t h i s  find- 
ing;  however t h e i r  i n t e r p r e t a t i o n  d i f f e r s  from those of o ther  a u t h o r i t i e s  (e.g. Ref. 
(19)) ,  and would r e q u i r e  a simultaneous occurrence of a-methylene groups, which i s  
n o t  borne out  by our Figure 3. 

Possibly dihydroanthracene s t r u c t u r e s  may a l s o  be 
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Solubi l ize  coal with phenol + e x t r a c t  with ethanol/benzene 

’ Soluble Inso lub 1 e 

p r e c i p i t a t e  

Figure l: 
and ?n insoluble  residue. 

The f rac t iona t ion  scheme used t o  separate  coal  i n t o  four  so luble  f rac t ions  

h- 
yield, g/lOOg 
o r i g i n a l  coal 

composi ti on, 
m a s s  % 

C 
H 
0 phenolic 
0 carboxyl ic  
0 carbonyl 
0 t o t a l  
ash 
unaccounted 

28 

76 
7 

4 
0 
ND 

17 
ND 
1 

f r a c t i o n  

7:l 69 

4 3 
1 

ND I Ni 
2 1  
2 
3 

i% 1 
4 

D 

28 

71  
4 

6 
2 

ND 
18 
3 
4 

E 

2 

56 
6 

ND 
ND 
ND 

24 
ND 
14 

Composite 

202 

72 
5 

(4) 
(2) 
ND 

18 

4 
(1) 

Whole 
Coal 

100 

6 3  
5 

5 
5 
3 

25 
4 
3 

Table 1: Yields and compositions o f  t h e  f r a c t i o n s .  NO means not determined. A s h  
contents  were not  determined on f rac t ions  A, B and E. which were l iqu ids .  
t i o n a l  group oxygen w a s  not  determined on f rac t ion  E because i n s u f f i c i e n t  of i t  w a s  
ava i lab le .  The f igures  i n  brackets  for t h e  composition o f  t h e  composite should be  
l i t t l e  affected.  

Fmc- 
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1 A 

D w 

Whole Coal 

4000 3000 2000 1600 1200 800 400 

Wavenumber, cm-l 

Figure 2 :  
by the fractionation scheme shown i n  Figure 1 .  
and whole coal ,  KBr d i s c .  

Infrared spectra  f o r  the o r i g i n a l  coal  and t h e  fract ions A t o  D separated 
Fractions A and B ,  thin f i l m ;  C ,  D 
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B 

C 

7 . 
1 ppm 7 5 3 6 =  9 

Figure  3: Nmr spectra for fractions A, B, C and E. 
A is dissnlvpd i n  rnrl, .  R r anrl c in ...-- :>--- J 
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~ 

6 
PPm 

> 8.0 
8.7-8.0 
8.0-7.2 
7.2-6.2 
5.8-4.3 
4.3-3.4 
3.4-3.2 
3.2-2.4 
2.4-2.0 

1.4-1.0 
1.0-0.6 

2.0-1.4 

f 
Composite 

proton type  

7 17 19 (0) 
0 0 6 (10) 
6 10 8 (48) 

63 58 44 (35) 
1 0 0 (0) 

0 0 0 (0) 
0 0 (0) 

3 1 0 (0) 

1 0 0 0 (0) 

4 9 17 &race) 

13 4 1 (4) 

hydrogen bonded 
t r ia romat ic  (5) 
two-ring aromatic (5) 
monoaromatic 
o l e f i n i c  
methylene b r i d g e  
a c e t y l i n i c  
methin, methylene a 
methyl a 
methylene B 
methyl 5 
a l i p h a t i c  y 

f rac t ion  un- t o t a l  
C H 0 ash accounted 

i 

___-- ~~ ~~~ 

added mater ia l  
added phenol 
remainder 

~ 

a2 6 12  - 2  4 102 
54 4 12  0 0 70 
28 2 0 -2 4 32 

27 
0 

13 
37 
0 
9 

t r a c e  
0 

15 
0 
0 
0 

Table 2: Dis t r ibu t ion  o f  protons by type i n  t h e  various f r a c t i o n s  as measured from 
nmr spectra .  Figures a r e  % of  the t o t a l  protons i n  t h e  p a r t i c u l a r  f rac t ion .  A l -  
lowance has been made for res idua l  protons i n  the deuterated so lvents  (CDC13 f o r  A, 
pyridene-d5 f o r  o thers ) .  The f igures  for  f rac t ion  D and t h e  whole coal a re  p u t  i n  
brackets t o  ind ica te  t h a t  these samples were barely soluble  and the  s p e c t r a  do not 
represent  the whole m a t e r i a l ,  only t h e  small soluble  p a r t .  a, 5, y r e f e r  t o  the  
pos i t ions  o f  these protons w i t h  respect  t o  aromatic r ings .  

21 2 5 0  0 28 
49 4 11 0 2 66 
54 4 16 1 3 78 
20 1 5 1  1 28 
1 0 0 0  1 2 

100 202 I 145 11 37 2 7 
o r ig ina l  coa l  63 5 25 4 3 
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t o t a l  

aromatic 
tri d i  mono 

phenol 
benzene 
coal  

a l i p h a t i c  
meth. a a B 5  
bridge CH, CH3 CH, CH3 

t o t a l  

0.12 1 . 2 3  
0.40 2.30 
0.31 1.72 
0.10 0.65) 
0.02 0.04 

0.95 5.94 

- 3.01 
- 2.46 

0.95 0.47 

0.95 5.94 

--- 
--- 

--- 

hydrogel 
bonded 

0.08 
0.36 
0.66 

(0.16 
0.01 

1.27 

- 
- 

1.27 

1.27 

0.14 
0.67 
0.74 

0.03 

1.63 

(0.05) 

0.74 

0.89 

1.63 

0.00 
0 .oo 
0.23 

(0.03 
0.00 

0.26 
- 
- 

0.26 

0.26 

(0.02 
0.00 
0.00 
0.00 
O . O b  

0.04) 
0.04 
0.16 
0.04 
0.02 

0.02 - 

0.02 

0.02 
- 

0.30 - 

0.30 

0.30 
- 

0.06 
0.04 
0.00 
0.02 
0.00 

0.12 
- 
- 
- 
- 

0.12 

0.12 
- 

0.25 
0.16 
0.04 
0.07) 
0.00 

0 . 5 2  
- 

- 
0.52 

0.52 

- 
t o t a l  

- 
1.94 
3.97 
3.86 
1.12 
0.12 

11.01 

3.75 
2.46 
4.80 

- 
- 

11.01 - 
Table 4: Hydrogen present  i n  var ious forms i n  f r a c t i o n s ,  o r i g i n a l  coal, combined 
phenol and benzene contaminant, g/100 g o r i g i n a l  dry coa l  ( f igures  i n  brackets  have 
involved making some assumptions about t h e  d i s t r i b u t i o n .  

~~~~~~~~ ~~ ~ 

hydrogen atomic mass H (Table 4) c .  
type I C/H C /H g/100 g coa l  g/100 g coa l  

monoaromatic 
two r ing  aromatic 
t r ia romat ic  
a methylene 
6 methylene 
methylene br idge 
a methyl 
5 methyl 
carboxyl 

36 
30 
39 
6 
6 
6 
4 
4 

1 2  

0.47 
0.95 
0.26 
0.02 
0.12 
1.27 
0.30 
0.52 

17 
28 
10 
0 
1 
8 
1 
2 
2 

t o t a l  I 69 

Table 5:  Calculat ion of carbon i n  various s t r u c t u r a l  forms, g/100 g dry coal. 
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THE CHEMISTRY OF ACID-CATALYZED 
COAL DEPOLYMERIZATION 

Lasz lo  A. Heredy 
Rockwell I n t e r n a t i o n a l ,  Energy Systems Group 

8900 De Soto Avenue, Canoga Park, C a l i f o r n i a  91304 

Since i t s  i n t r o d u c t i o n  i n  t h e  e a r l y  1960's, ac id -ca ta l yzed  depolymer izat ion has become 
a w i d e l y  used method t o  c o n v e r t  coa l  i n t o  
It was f i r s t  shown by Heredy and Neuworth( j7  t h a t  coa l  c o u l d  be depolymerized by r e a c t i n g  i t  
w i t h  phenol-BF3 a t  temperatures as l ow  as 100°C. 
t h a t  coa l  con ta ins  a romat i c  s t r u c t u r e s  l i n k e d  by a l i p h a t i c  br idges,  such as methylene 
br idges,  which a r e  s u f f i c i e n t l y  r e a c t i v e  t o  p a r t i c i p a t e  i n  an ac id -ca ta l yzed  t r a n s a r y l -  
a l k y l a t i o n  reac t i on .  
e x p l a i n  the chemis t r y  o f  low-temperature p y r o l y s i s  o f  coa l .  
proposed s t r u c t u r e  wi th  phenol-BF3 i s  i l l u s t r a t e d  i n  F igu re  1. 
t h e  depolymer izat ion i s  dihydroxy-diphenylmethane. I 

The depolymer izat ion r e a c t i o n  was m o d i f i e d  by Ouchi, Imuta, and Y a m a ~ h i t a ( ~ )  who 
s u b s t i t u t e d  p - t o l u e n e s u l f o n i c  a c i d  (PTSA) f o r  BF3 as t h e  c a t a l y s t  and increased the  r e a c t i o n  
temperature t o  180-185%. 
product  y i e l d s  over  90%, was achieved under these c o n d i t i o n s .  Darlage and Ba i l ey t41  inves-  
t i g a t e d  the e f f e c t s  o f  r e a c t i o n  temperature, va r ious  so l ven ts  and coa l  p reox ida t i on  on 
depolymer izat ion p roduc t  y i e l d s  u s i n g  a number o f  a c i d  c a t a l y s t s .  
s u b s t i t u t e d  phenols were more e f f e c t i v e  aromat ic  subs t ra tes  f o r  t h e  depolymer izat ion 
r e a c t i o n  than phenol. The p r e o x i d a t i o n  o f  coal ,  p a r t i c u l a r l y  o f  some s u l f u r - r i c h  bituminous 
coals ,  w i  h d i l u t e  aqueous n i t r i c  a c i d  cons ide rab ly  increased t h e  y i e l d  o f  depolymer izat ion 
products  .!5) 

A general rev iew  o f  t he  ac id-c  t a l y z e d  coa l  depo lymer i za t i on  method has been publ ished 
r e c e n t l y  by Larsen and Kuemmerle.(6(r The o b j e c t i v e  o f  t h i s  paper i s  t o  d iscuss some 
s p e c i f i c  aspects o f  t h e  chemis t r y  o f  coa l  depolymer izat ion.  

l u b l e  p roduc ts  f o r  s t r u c t u r a l  i n v e s t i g a t i o n s .  

The method was based on t h e  assumption 

T h i s  genera l  t ype  o f  s t r u c t u r e  was proposed by Neuworth, e t  a1.,(2) t o  

One o f  t h e  f i n a l  products  o f  
The o v e r a l l  r e a c t i o n  o f  t h i s  

A ve ry  h i g h  degree o f  depolymer izat ion,  w i t h  p y r i d i n e  o ub le  

They found t h a t  meta- 

I .  THE RELATIVE REACTIVITIES OF VARIOUS BRIDGE STRUCTURES TOWARD 
PHENOL-BF3 

Although no sys temat i c  s t u d i e s  have y e t  been r e p o r t e d  rega rd ing  t h e  r e l a t i v e  r e a c t i v i -  
t i e s  o f  a l i p h a t i c  b r i d g e  s t ruc tu res ,  o r  more genera l l y ,  a l i p h a t i c - a r o m a t i c  carbon-carbon 
bonds, which may be p resen t  i n  va r ious  coals ,  t war phenol-BF3, some impor tant  trends have 
been es tab l i shed  i n  model compound experiments.?ls7f The r e s u l t s  o f  these experiments a r e  
summarized i n  Tables 1 and 2 and i n  F igu re  2. 

The data on  i s o p r o p y l  group t r a n s f e r  i n  Table 1 show t h a t  t h e  secondary a l i p h a t i c -  
a romat i c  carbon-carbon bond i s  much more r e a c t i v e  when i t  i s  l o c a t e d  on e i t h e r  a phenol ic  
r i n g  o r  on a phenanthrene r i n g  than on a nonac t i va ted  benzene r i n g ,  
t i e s  o f  the secondary carbon bond i n  t h e  f i r s t  two s t r u c t u r e s  cou ld  n o t  be evaluated because 
t h e  i sop ropy l  group t r a n s f e r  went t o  complet ion bo th  i n  t h e  case o f  or tho- isopropylphenol  
and of retene. 
bond between a p r imary  a l i p h a t i c  carbon and an aromat ic  carbon i s  l e s s  r e a c t i v e  than a 
secondary carbon-aromatic carbon bond under o the rw ise  s i m i l a r  cond i t i ons .  

carbon-carbon l i nkages .  
which i n v o l v e  p r imary  a l i p h a t i c  carbon atoms, c l e a r l y  show enhanced r e a c t i v i t y  a t  bond a '  
due t o  the a c t i v a t i n g  e f f e c t  o f  t h e  pheno l i c  hydroxy l  group. A comparison o f  t he  r e a c t r v i t y  
of l i nkage  a '  w i t h  t h a t  o f  t h e  corresponding bond i n  para-n-propylphenol (Table 2) i n d i c a t e s  
t h a t  t h e  r e a c t i v i t i e s  o f  (-CH2-CH2-) s u b s t i t u t e d  aromat ics a r e  s i m i l a r  whether the  s u b s t l t u -  
t i o n  i s  i n  a b r i d g e  o r  i n  a c h a i n  s t r u c t u r e .  

The r e l a t i v e  r e a c t i v i -  

The da ta  on n-propy l  group t r a n s f e r  i n  Tab le  2 show, as expected, t h a t  a 

F igure 2 shows t h e  comparison o f  t h e  r e l a t i v e  r e a c t i v i t i e s  o f  f o u r  aromatic-al iph:t ic 
A comparison o f  t h e  r e a c t i v i t i e s  o f  t h e  two l i nkages  5' and , 

The r e l a t i v e  r e a c t i v i t i e s  found w i t h  model 
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compound B i n d i c a t e  t h a t  -CH2- b r i dges  can p l a y  a spec ia l  r o l e  i n  coa l  depo lymer i za t i on  
because i n  t h i s  case bonds on,both s ides  o f  t h e  b r i d g e  s t r u c t u r e  a r e  a c t i v a t e d  (compare t h e  
r e a c t i v i t i e s  o f  bonds and , r e s p e c t i v e l y ) .  

It i s  probable t h a t  cleavage o f  a l i p h a t i c  e t h e r  bonds c o n t r i b u t e s  t o  coa l  depolymer i -  
za t i on ,  p a r t i c u l a r l y  i n  t h e  case o f  l i g n i t e s  and subbituminous coa ls .  
r e a c t i v i t y  o f  va r ious  e the rs  w i t h  phenol-BF3 has n o t  been inves t i ga ted ,  seve ra l  s t  d i e s  on 
t h e  BFj -cata lyzed cleavage o f  va r ious  a1 i p h a t i c  e t h e r  l i nkages  have been reported.?8,9) 
was shown t h a t  t h e  r e a c t i o n  o f  e t h e r s  w i t h  benzene g i ves  alkylbenzenes. The r e l a t i v e  ease 
of  r e a c t i o n  v a r i e d  considerably  w i t h  d i f f e r e n t  e the rs .  
reac ted  v i g o r o u s l y  w i t h  benzene upon s a t u r a t i o n  w i t h  BF3. 
e t h y l  e t h e r s  reac ted  v i o l e n t l y .  On the  o t h e r  hand, e t h y l ,  isoamyl, and n-amyl e t h e r s  
reac ted  o n l y  a t  h ighe r  temperatures and e leva ted  pressures (150OC and 10-20 atm). 

A l though t h e  

It 

D i i sop ropy l  e t h e r  and d ibenzy l  e t h e r  
I sop ropy l ,  phenyl, and benzyl 

11. INVESTIGATION OF THE KINETICS OF BF3-CATALYZED BENZYL GROUP TRANSFER 

K i n e t i c  i n v e s t i g a t i o n s  o f  BF3-catalyzed benzyl group t r a n s f e r  i n  benzylphenol systems 
were repo r ted  by Heredy.(lO) These systems were chosen f o r  i n v e s t i g a t i o n  because of t h e  
p a r t i c u l a r  i n t e r e s t  i n  t h e  r o l e  t h a t  -CH2- b r i dges  may p l a y  i n  coal depolymer izat ion.  

One o f  t h e  i n v e s t i g a t i o n s  was made w i t h  para-benzylphenol. 
w i t h  t h e  para-benzylphenol/phenol (1-14C)/BF3 system t o  s tudy t h e  r a t e  of benzy l  group 
t r a n s f e r  from benzylphenol t o  phenol ( l-14C). It was found, however, t h a t  t h e  r a t e  o f  
benzyl group t r a n s f e r  t o  para-benzylphenol was much f a s t e r  t han  t o  phenol ( l m ) ,  and 
the re fo re ,  no meaningful k i n e t i c  measurements cou ld  be made on the  l a t t e r  system. I n  
another experiment, t he  k i n e t i c s  o f  benzyl group t r a n s f e r  was s tud ied  i n  t h e  para-benzy l -  
phenol-BF3 system. The k i n e t i c  measurements were made i n  sealed g lass  tubes a t  l O O O C  us ing  
a para-benzylphenol t o  BF3 mole r a t i o  o f  6.25/1.0. The two p r i n c i p a l  r e a c t i o n s  which take  
p lace  i n  t h i s  system a re  shown i n  F i g u r e  3. I n  agreement w i t h  the  r e a c t i o n  scheme shown i n  
F igu re  3, t h e  r a t e  o f  disappearance o f  t h e  sum o f  para- and o r tho -c reso ls  f o l l o w e d  a second 
o rde r  r a t e  equat ion.  The r a t i o  o f  t h e  i n i t i a l  r e a c t i o n  r a t e s  o f  r e a c t i o n  l a  t o  l b  was found 
t o  be approx imate ly  4.0. 
methane and some para-cresol  were formed d u r i n g  t h e  l a t t e r  p a r t  o f  t h e  r e a c t i o n .  
i somer i za t i on  t o  ortho-benzylphenol took p lace  as a r e s u l t  o f  t h e  reve rse  r e a c t i o n s  o f  
and B. 

2,6-dimethylph6nol/BF3 system. 
reasons: (a )  I n  t h e  benzylphenollBF3 system two p a r a l l e l  major  r e a c t i o n s  have taken p l a c e  
g i v i n g  d i  benzylphenol and phenol i n  one reac t i on ,  and hydroxybenzylphenols and benzene i n  
the  o the r .  It was expected t h a t  t h e  a d d i t i o n a l  a c t i v a t i n g  e f f e c t  o f  t h e  two methy l  groups 
on t h e  pheno l i c  r i n g  w i l l  s u f f i c i e n t l y  enhance t h e  r e a c t i v i t y  o f  t h e  methylene-aromatic 
carbon-carbon bond on the  s i d e  o f  t h e  pheno l i c  r i n g  t o  make t h e  cleavage of t h a t  bond t h e  
predominant r e a c t i o n ;  (b)  The chemical s h i f t s  o f  t h e  benzyl protons and of t h e  2-methyl 
protons o f  t h e  s t a r t i n g  m a t e r i a l  and o f  t h e  main products  were s u f f i c i e n t l y  d i f f e r e n t  t o  
p e r m i t  t h e  q u a n t i t a t i v e  a n a l y s i s  o f  t h e  r e a c t i o n  m i x t u r e  by p r o t o n  NMR spectrometry. The 
chemical s h i f t s  o f  t h e  benzyl -CH2- groups and o f  t h e  methyl groups i n  t h e  s t a r t i n g  m a t e r i a l  
and i n  t h e  products  are shown i n  Table 3. 

The r e a c t i o n  which was s tud ied  i s  shown i n  t h e  f o l l o w i n g  equat ion:  

Experiments were made f i r s t  

I n  a d d i t i o n  t o  phenol and benzene, s i g n i f i c a n t  a K u n t s T f  d ipheny l -  
Also, 

A more d e t a i l e d  k i n e t i c  s tudy o f  benzy l  group t r a n s f e r  was made u s i n g  t h e  4-benzyl- 
T h i s  system was se lec ted  f o r  i n v e s t i g a t i o n  f o r  t h e  f o l l o w i n g  

(CH3)? (HO)C6H3 
2.6-dimethyl phenol 

2 (CH3)2( HO)C6H2-CH2-C6H5 - 
k-l 

+ 

4-benzyl -2.6-dimethyl phenol (CH3)2 (HO)C6H (CH2-CgHg 12 
3,4-dibenzyl-2,6 d imethy lphenol  
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The k i n e t i c  measurements were made i n  CS2 s o l u t i o n  a t  70OC us ing  sealed NMR sample 
tubes as the r e a c t o r s .  A f t e r  t h e  complet ion of  t h e  p resc r ibed  r e a c t i o n  p e r i o d  each sample 
tube was q u i c k l y  cooled t o  room temperature and t r a n s f e r r e d  t o  t h e  NMR spectrometer f o r  
reco rd ing  t h e  spect ra.  When a s o l u t i o n  o f  4-benzyl -2,6-dimethylphenol and BF3 (mole r a t i o  
4.5 t o  1.0) was used, t h e  abso rp t i on  under t h e  methylene peak (3) and the  methyl peak ( 2 )  
increased f rom an i n i t i a l  va lue of  zero as t h e  r e a c t i o n  advanced, showing t h e  format ion o f  
3,4-dibenzyl-2,6-dimethylphenol. 
f o rma t ion  o f  an e q u i v a l e n t  amount o f  2,6-dimethylphenol. 
determined f o r  b o t h  t h e  fo rward  ( k l )  and t h e  reve rse  (k-1)  r e a c t i o n s  f o r  t h r e e  d i f f e r e n t  BF3 
concen t ra t i ons .  

Independent gas chromatographic a n a l y s i s  showed the 
React ion r a t e  constants were 

The f o l l o w i n g  c o r r e l a t i o n s  were determined: 

Rate ( fo rward  r e a c t i o n )  = kl[BF3] [(CH3),(H0)C6H2-CH2-C6H5] 2 

Rate ( reve rse  r e a c t i o n )  = k- 1[BF3] [( CH3 l 2  (HO)C6H (CH2-C6H5)2]ECH3) (HO)C6H3] 

A t  7OoC and a t  a concen t ra t i on  o f  BF3 = 1.0 moles per  l i t r e  k l  = 2.6 20.3 x 
min-1 l it. moles-1 and k - 1  = 16.0 f 1.8 x 10-4 m i n - l  l it. moles-1. The benzyl group t rans -  
f e r  i n  t h i s  system i s  c l e a r l y  a b imo lecu la r  s u b s t i t u t i o n  r e a c t i o n  where t h e  r a t e  determin ing 
s tep i nvo l ves  a r e a c t i o n  between a p ro tona ted  benzyl compound (benzenium i o n )  and a pheno l i c  
compound o r  i t s  BF3- complex. There i s  no i n d i c a t i o n  o f  t h e  fo rma t ion  o f  t h e  benzyl c a t i o n  
i n  t h i s  p a r t i c u l a r  system. I t  should be noted here t h a t  t h e  data ob ta ined  on the t r a n s f e r  
o f  n-propyl groups (Tab le  2 )  i n d i c a t e  t h a t ,  s i m i l a r l y ,  t h e  main r e a c t i o n  i n  t h a t  t r a n s f e r  
does n o t  i n v o l v e  the  f o r m a t i o n  o f  t h e  1-propenium c a t i o n .  I f  t h a t  were t h e  case, i somer i -  
z a t i o n  t o  the  2-propenium c a t i o n  would take  p lace  w i t h  t h e  predominant fo rma t ion  o f  i s o -  
propylphenols. On t h e  o t h e r  hand, t h e  fo rma t ion  o f  d i  ryl-methenium c a t i o n s  was i n d i c a t e d  
i n  model compound s t u d i e s  r e p o r t e d  b y  Franz e t  a l . , ( l l T  who s tud ied  t h e  behavior o f  t r i a r y l -  
methanes under depo lymer i za t i on  c o n d i t i o n s  u s i n g  b o t h  PTSA and phenol-BF3 as the  c a t a l y s t .  

111. COMMENTS ON THE CHEMISTRY OF COAL DEPOLYMERIZATION 

A f t e r  rev iew ing  t h e  i n f o r m a t i o n  on t h e  r e a c t i v i t i e s  o f  va r ious  b r i d g e  s t r u c t u r e s  which 
may be present  i n  coal ,  i t  w i l l  be i n s t r u c t i v e  t o  summarize a v a i l a b l e  data on coal depoly- 
m e r i z a t i o n  y i e l d s  as a f u n c t i o n  o f  coa l  rank. 
y i e l d s  obta ined by depo lymer i za t i on  wi th  va r ious  s t r u c t u r a l  f ea tu res  o f  coa ls  over the 
c o a l i f i c a t i o n  range wh ich  has been i n v e s t i g a t e d .  

4,(12 an 
F igu re  4 . f 3 j  I n  t h e  case o f  t he  phenol-BFg c a t a l y s t ,  t h e  pheno l - so lub le  product  y i e l d  was 
the  h ighes t  (75%) f o r  t h e  l i g n i t e .  
bituminous coal ,  a l t hough  t h e  l ow  p roduc t  y i e l d  ob ta ined  w i t h  subbituminous coa l  does n o t  
f i t  t h i s  c o r r e l a t i o n .  
s o l u b l e  product  y i e l d  was over  90% f o r  c o a l s  o f  70-84% C content ;  f o r  coa ls  w i t h  h ighe r  C 
content ,  the y i e l d  dropped s h a r p l y  and i t  reached about 10% f o r  a coa l  w i t h  93% C. Benzene- 
ethanol  was a more s e l e c t i v e  so l ven t  than p y r i d i n e  f o r  f r a c t i o n a t i n g  t h e  depolymer izat ion 
products  obta ined w i t h  PTSA c a t a l y s t :  
s o l u b l e  e x t r a c t  and t h e  carbon con ten t  o f  t h e  s t a r t i n g  coal  was observed. 

m e r i z a t i o n  p roduc t  y i e l d s  w i t h  t h e  r e l a t i v e  r e a c t i v i t e s  o f  a l i p h a t i c  carbon and oxygen 
b r i d g e  s t r u c t u r e s  i n  c o a l :  

One can a t tempt  then t o  c o r r e l a t e  t h e  product  

p p o l y m e r i z a t i o n  y i e l d s  determined w i t h  phenol-BFg a t  100°C a r e  summarized i n  Table 
he y i e l d s  o b t a i n e d  w i t h  phenol-PTSA depo lymer i za t i on  a t  185OC a r e  shown i n  

It g r a d u a l l y  decreased t o  about  10% f o r  t h e  l o w - v o l a t i l e  

I n  t h e  case o f  depo lymer i za t i on  w i t h  phenol-PTSA. t h e  p y r i d i n e -  

a l i n e a r  r e l a t i o n s h i p  between t h e  y i e l d  o f  t h e  

The f o l l o w i n g  comments can be made w i t h  rega rd  t o  a c o r r e l a t i o n  o f  t h e  coal depoly- 

(1)  I n  low-rank c o a l s ,  p a r t i c u l a r l y  i n  l i g n i t e s ,  t h e  cleavage o f  a l i p h a t i c  e t h e r  and 
benzyl e t h e r  oxygen bonds may c o n t r i b u t e  s i g n i f i c a n t l y  t o  depolymer izat ion.  Many 
of t h e  a l i p h a t i c  br idges,  which p a r t i c i p a t e  i n  depolymer izat ion,  may be l i n k e d  t o  
s i n g l e  p h e n o l i c  r i n g s .  The r e a c t i v i t y  o f  an a l i p h a t i c  s t r u c t u r e  l i n k e d  t o  a 
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phenolic ring i s  su f f i c i en t  t o  permit i t s  par t ic ipa t ion  in  

do not contain s ign i f icant  amounts o f  su f f i c i en t ly  reac t ive  condensed aromatic 
s t ruc tures  which could par t ic ipa te  i n  depolymerization. 

In high-volati le bituminous coals ( C  = 80-84%), the breaking of a l ipha t i c  bridges 
i s  seen as  the major means of depolymerization. 
linked t o  phenolic rings,  others t o  condensed aromatic rings such a s  phenanthrene. 
Ether oxygen bonds play a l ess  important ro l e  because most of these bonds a re  in 
aromatic e thers  which do not react w i t h  BF3. 

In higher rank bituminous coals (C>84%), the depolymerization product y ie ld  
decreases sharply w i t h  increasing rank. 
re la ted  t o  the nature of the  a l ipha t ic  bridge s t ruc tures .  
i n  lower rank coals a su f f i c i en t  number of the bridge s t ruc tures  a r e  short a l i -  
phatic chains ( N c  = 1 t o  4 ) .  On the other hand, i n  higher rank coa ls ,  nearly a l l  
of the bridge s t ruc tures  a re  condensed hydroaromatic rings; w i t h  s t ruc tures  of 
this  type, several bonds must be broken between two aromatic groups t o  e f f e c t  
depolymerization. 

Among the a l ipha t i c  bridge s t ruc tures ,  -CH2- bridges may play a pa r t i cu la r ly  
important ro l e  i n  coal depolymerization. 
r e l a t ive ly  small ,  the probabili ty of t h e i r  cleavage i s  high because, i n  general, 
both carbon-carbon bonds of the bridge a re  ac t iva ted  under the reaction conditions 
used i n  coal depolymerization. 
obtained i n  depolymerization studies made with phenol-BF3 where the y ie ld  of 
soluble depolymerized products was propor i o  a1 t o  the amount of -CH2-  bridge 
s t ruc tures  found in  the soluble products.fi27 

depolymerization 
reaction. On the  o ther  hand, spectrometic s tud ies  ind ica te  8 5  1 t h a t  these coals 

Many of these bridges may be 

I t  i s  probable t h a t  this decrease i s  
I t  i s  postulated tha t  

Even i f  the number of such bridges i s  

T h i s  view is supported by experimental data 
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COMPOUND 

TABLE 3 

CHEMICAL SHIFT VALUES OF METHYLENE AND METHYL 
PROTONS OF BENZYL DERIVATIVES OF 2,6-OIMETHYLPHENOL 

CHEMICAL SHIFT (ppm)* 
METHYLENE METHYL 
E-- lQ (2)- 

2,6-DIMETHYLPHENOL --- --_ 2-08 2.08 

4-BENZYL- 
2,6-OIMETHYLPHENOL 

3.4-DIBENZYL- 
2,6-DIMETHYLPHENOL 

*TETRAMETHYLSILANE = 0.00 ppm 

--- 3.70 2.03 2.03 

3.80 3.70 1.95 2.10 

TABLE 4 

DEPOLYMERIZATION OF COALS OF DIFFERENT RANKS WITH PHENOL-BF3 AT 100°C 

Combined Phenol 

Coal Type C, % dmmf Y ie ld ,  % F rac t i on ,  % 
T o t a l  So lub le (a )  Content o f  Solub le 

L i g n i t e  70.6 75.2 41.2 

SubB 76.7 23.4 32.8 

hvab 82.4 47.4 16.3 

hva b 85.1 28.8 12.4 

hvab 85.8 25.0 13.0 

l v b  90.7 9.8 15.5 

7a)Coal -der ived p a r t  of  phenol s o l u b l e  m a t e r i a l  



6 - Q  Q 
N 

T 

+ 

N 
I 

Q 
I 

149 



r- r- cu 0 h ..d 

U 

i 

150 



FIGUHE 3. 

BF3-CATALYZED BENZYL GROUP TRANSFER IN BENZYLPHENOLS 
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FIGURE 3. 

BF3CATALYZED BENZYL GROUP TRANSFER IN EENZYLPHENOLS 

OH 

PARA-AND ORTHO- 
BENZYLPHENOL 

t 

t 

OH 

154 



’\ I I 

0 RAW COALS.PYRIDINE EXTRACTS 
X RAW COALS, BENZENE-ETHANOL EXTRACTS 

0 DEPOLYMERIZED COALS, BENZENE-ETHANOL EXTRACTS 
DEPOLYMERIZED COALS, PYRIDINE EXTRACTS 

I I I 
70 80 90 

CARBON CONTENT (wt %, dafl 

YIELDS OF PYRIDINE AND BENZENE-ETHANOL EXTRACTS FROM 
COALS AND DEPOLYMERIZED COALS(3) 

FIGURE4 

155 



COAL ALKYLATION REACTION. THE CHARACTERISTICS 
OF THE ALKYLATION REACTIONS AND PRODUCTS 

Lawrence B. Alemany, C.  I n d h i r a  Handy and 
Leon M. Stock 

Department of  Chemistry 
The Univers i ty  of Chicago 

Chicago, I l l i n o i s  60637 

INTRODUCTION 

Sternberg  and h i s  a s s o c i a t e s  found t h a t  t h e  t rea tment  of many c o a l s  with 
a l k a l i  metals i n  t h e  presence  of e l e c t r o n  t r a n s f e r  agents  formed polyanions 
which could be a l k y l a t e d  t o  form compounds which were s o l u b l e  i n  common or- 
ganic s o l v e n t s  i n c l u d i n g  heptane and benzene (1). More r e c e n t l y ,  w e  d i scussed  
t h e  proton and carbon nmr s p e c t r a  of t y p i c a l  gpc f r a c t i o n s  of po lybuty la ted  
I l l i n o i s  No. 6 c o a l  ( 2 ) .  This  work revea led  t h a t  t h e r e  w e r e  s i g n i f i c a n t  d i f -  
fe rences  i n  t h e s e  f r a c t i o n s  with v a r i a t i o n s  i n  t h e  degree  of a r o m a t i c i t y ,  t h e  
r a t i o  of C-butylat ion t o  0-butylat ion,  the e x t e n t  of b u t y l a t i o n  on a l i p h a t i c  
and aromatic  carbon atoms, and t h e  amount of carbonyl  and v i n y l  d e r i v a t i v e s .  
I n  addi t ion ,  t h e  low molecular  weight f r a c t i o n s  contained p a r a f f i n i c  hydro- 
carbons which presumably were l i b e r a t e d  as t h e  c o a l  m a t r i x  co l lapsed .  
r e s u l t s  ob ta ined  i n  t h i s  work a r e  compatible  wi th  t h e  e s s e n t i a l  f e a t u r e s  of 
t h e  r e a c t i o n  p r o c e s s  proposed by Sternberg  and h i s  a s s o c i a t e s  ( 1 , Z ) .  
gested t h a t  t h e  e l e c t r o n  t r a n s f e r  agent ,  naphthalene,  t r a n s f e r s  e l e c t r o n s  
from t h e  meta l  t o  molecular  fragments i n  t h e  coa l .  Under t h e s e  condi t ions ,  

The 

H e  sug- 

Coal + nC10H8- + Coaln- + nC10H8 

t h e  a romat ic  molecules  of t h e  c o a l  a r e  reduced, and t h e  b a s i c  anions produced 
under t h e  exper imenta l  condi t ions  r e a c t  wi th  a c i d i c  hydrogen atoms t o  y i e l d  
a ry loxides  and s t a b l e  carbanions.  Ether  c leavage and e l i m i n a t i o n  r e a c t i o n s  
a l s o  occur  under t h e s e  experimental  condi t ions .  I n  a d d i t i o n ,  carbon-carbon 
bond cleavage r e a c t i o n s  t a k e  p lace .  Also,  carbonyl  compounds are reduced t o  
semiquinone5 o r  k e t y l s .  
b l e  e l e c t r o n  t r a n s f e r  r e a g e n t s ,  an equi l ibr ium mixture  of s o l u b l e  and insolu-  
b l e  polyanions c o n t a i n i n g  carbanions,  a r y l o x i d e s ,  mercapt ides ,  k e t y l s ,  n i t r o -  
geneous bases  and s o  f o r t h  i s  generated.  Because few rearrangement  r e a c t i o n s  
occur under  b a s i c  condi t ions  t h e  s t r u c t u r e s  of t h e  a n i o n i c  products  are q u i t e  
c l o s e l y  r e l a t e d  t o  t h e  s t r u c t u r e s  of t h e  molecular  f ragments  i n  c o a l .  These 
an ionic  compounds a r e  r e a d i l y  a l k y l a t e d  by primary i o d i d e s .  However, t h e  
a l k y l a t i o n  r e a c t i o n  is complicated by compet i t ive  e l e c t r o n  t r a n s f e r  r e a c t i o n s  
which y i e l d  b u t y l  r a d i c a l s .  Thus, t h e  c o a l  a l k y l a t i o n  r e a c t i o n s  occur  by the  
reac t ions  of t h e  n u c l e o p h i l i c  an ionic  compounds wi th  t h e  a l k y l  i o d i d e  and by 
t h e  r e a c t i o n s  of t h e  a romat ic  hydrocarbon compounds wi th  the  b u t y l  r a d i c a l .  

In t h e  presence of s u f f i c i e n t  concent ra t ions  of solu- 

” ~ 
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The r i c h  chemistry of t h e  c o a l  polyanion and the  presumably c l o s e  re- 
l a t i o n s h i p  between t h e  s t r u c t u r e s  of t h e  c o a l  polyanion and t h e  i n i t i a l  c o a l  
molecules prompted us  t o  s tudy  t h e  r e a c t i o n  condi t ions  and t h e  r e a c t i o n  pro- 
d u c t s  c a r e f u l l y  and then t o  examine the  r e a c t i o n  of the  c o a l  polyanion wi th  
90%-enriched b u t y l  iodide-1-C-13. 

EXPERIMENTAL PART 

Materials.--Successful a l k y l a t i o n s  r e q u i r e  t h e  use of thoroughly pur i -  
f i e d  reagents  i n  an a i r  and moisture-free environment. The reagents  used 
i n  t h i s  work w e r e  a l l  c a r e f u l l y  p u r i f i e d  by d i s t i l l a t i o n  o r  r e c r y s t a l l i z a t i o n  
s h o r t l y  before  use.  The I l l i n o i s  No. 6 c o a l  samples (Anal.: C ,  70.19; H ,  
5.18; N ,  0.62; C 1 ,  0.14; S ( p y r i t i c ) ,  0 .82;  S ( s u l f a t e ) ,  0; Scorganic) ,  2.71; 
O(by d i f f . )  11.43; Ash, 8.19) were d r i e d  a t  100' i n  vacuo f o r  16 h r s .  Tetra-  
hydrofuran was re f luxed  i n  a n i t r o g e n  atmosphere over  l i t h i u m  aluminum hydr ide  
f o r  4 h r s  p r i o r  t o  d i s t i l l a t i o n  from the  hydr ide .  The d i s t i l l a t e  was s t o r e d  
under argon. 
t i o n  from potassium. W e  found t h a t  the  resonances of v i n y l ,  carboxyl  and 
o t h e r  u n i d e n t i f i e d  groups were p r e s e n t  i n  t h e  nmr s p e c t r a  of concent ra ted  
samples of t h e  d i s t i l l a t e  when potassium w a s  used as t h e  p u r i f i c a t i o n  rea-  
gent .  

Tetrahydrofuran could not  be p u r i f i e d  a s  r e a d i l y  by d i s t i l l a -  

Prel iminary Experiments . - - Ini t ia l  work centered  on t h e  s tudy of t h e  re- 
a c t i o n  of potassium with te t rahydrofuran  and wi th  naphthalene i n  te t rahydro-  
furan .  

Potassium (20 m o l )  was added t o  te t rahydrofuran  (50 ml) under argon. 
Aliquots  f r e e  of potassium were withdrawn p e r i o d i c a l l y .  These a l i q u o t s  were 
hydrolyzed and t i t r a t e d  t o  determine t h e  e x t e n t  of t h e  reduct ion  of t h e  s o l -  
v e n t .  This  r e a c t i o n  was n e g l i g i b l e  even a f t e r  5 days,  Figure lA. 

In t h e  next  experiment , potassium (20.1 m o l )  was added t o  a s t i r r e d  
s o l u t i o n  of naphthalene (3.10 m o l )  i n  te t rahydrofuran  (50 ml) under argon. 
The c h a r a c t e r i s t i c  dark  green s o l u t i o n  of naphthalene r a d i c a l  an ion  and d i -  
an ion  formed w i t h i n  4 m i n .  Al iquots  f r e e  of potassium w e r e  withdrawn from 
t h e  r e a c t i o n  mixture .  
termine t h e  e x t e n t  of conversion of naphthalene t o  t h e  r a d i c a l  an ion  and d i -  
anion.  A f t e r  about 4.5 h r s ,  t h e  titrimetric procedure revea led  t h a t  t h e  
naphthalene w a s  converted t o  a mixture  e q u a l  i n  reducing  power t o  80% di-  
anions.  The r e a c t i o n  w a s  followed f o r  5 days. The r e s u l t s  are shown i n  
Figure 1B. 

These a l i q u o t s  were hydrolyzed and t i t r a t e d  t o  de- 

In t h e  t h i r d  experiment of t h i s  s e r i e s ,  potassium ( 2 0 . 1 m o l )  and naphtha- 
l e n e  (3.10 m o l )  i n  te t rahydrofuran  (50 ml) w e r e  allowed t o  r e a c t  f o r  4.5 h r s .  
Coal (0.86Og) w a s  then  added. The r e a c t i o n  mixture  immediately became brown. 
During t h e  next  s e v e r a l  days t h e  r e a c t i o n  mixture  changed c o l o r  a s  t h e  reac- 
t i o n s  proceeded. Al iquots  f r e e  of potassium b u t  conta in ing  s o l i d  c o a l  p a r t i -  
c l e s  were withdrawn from t h i s  mixture  and t i t r a t e d  t o  determine t h e  e x t e n t  of 
conversion of t h e  c o a l  t o  t h e  c o a l  polyanion.  I n  c e r t a i n  i n s t a n c e s ,  a l i q u o t s  
f r e e  of potassium and s o l i d  c o a l  p a r t i c l e s  were withdrawn from t h e  r e a c t i o n  
mixture  and t i t r a t e d  t o  determine t h e  e x t e n t  of conversion of t h e  s o l i d  c o a l  
t o  s o l u b l e  an ionic  subs tances .  
a t  ambient temperature  under argon. An a l i q u o t  of t h e  mixture  w a s  then with- 
drawn t o  e s t a b l i s h  t h e  e x t e n t  of t h e  r e a c t i o n .  The r e s u l t s  are shown in Fig- 
u r e  1 C .  

The r e a c t i o n  w a s  allowed t o  proceed f o r  5 days 
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The r e s u l t s  ob ta ined  i n  s e v e r a l  experiments  revea led  t h a t  2 1 %  1 negat ive  
charges per  100 carbon atoms were in t roduced  i n t o  the  coa l .  

Coal A l k y l a t i o n  w i t h  Butyl  Iodide-l-C-l3.--Potassium (26.1 m o l )  w a s  added 
t o  a s t i r r e d  s o l u t i o n  of naphthalene (3.14 m o l e )  i n  te t rahydrofuran  (45 ml) 
under argon.  A f t e r  45 min, -325 mesh c o a l  (1.008) and an a d d i t i o n a l  wash quan- 
t i t y  of t e t r a h y d r o f u r a n  (10 ml) were added. The mixture  w a s  s t i r r e d  f o r  5 days. 
The excess  potassium (2.98 mol)  w a s  removed. 
c o a l  (0.041g) w a s  unavoidably l o s t  i n  t h e  removal of t h e  m e t a l .  A s o l u t i o n  of 
90%-enriched b u t y l  iodide-1-C-13 (6.88g) i n  te t rahydrofuran  (10 ml) w a s  added 
t o  the  s t i r r e d  s o l u t i o n  i n  1 5  min. This  q u a n t i t y  corresponds t o  a 2-fold excess 
of t h e  amount of reagent  needed f o r  t h e  a l k y l a t i o n  of a c o a l  polyanion with 2 1  
nega t ive  charges  p e r  100 carbon atoms and naphthalene d ian ion .  Potassium iodide  
began t o  p r e c i p i t a t e  from t h e  r e a c t i o n  mixture  almost immediately. 
t i o n  r e a c t i o n  w a s  allowed t o  proceed f o r  2 days.  
s e t t l e d  from t h e  r e a c t i o n  mixture  when s t i r r i n g  was i n t e r r u p t e d .  

A s m a l l  q u a n t i t y  of i n s o l u b l e  

The alkyla-  
Potassium i o d i d e  r a p i d l y  

The r e a c t i o n  mixture  w a s  then exposed t o  t h e  atmosphere and t h e  c o a l  pro- 
duc t  w a s  i s o l a t e d .  The mixture  w a s  c e n t r i f u g e d  and t h e  very  dark  brown, t e t r a -  
hydrofuran-soluble  m a t e r i a l  was removed by p i p e t .  Fresh s o l v e n t  w a s  added t o  
t h e  r e s i d u e  and t h e  mixture  was s t i r r e d .  The mixture  was then  cent r i fuged  and 
t h e  s o l u b l e  mater ia l  w a s  removed by p i p e t .  This  procedure was repea ted  s e v e r a l  
times. The f i n a l  e x t r a c t s  were c l e a r ,  p a l e  yel low s o l u t i o n s .  The combined ex- 
t r a c t s  were f i l t e r e d  through a 1 . 4 ~  f r i t .  The f i l t r a t e  w a s  concent ra ted  i n  vacuo 
a t  50°C t o  y i e l d  a f r e e l y  flowing, d a r k  brown material (2.252g). Residual  vola- 
t i l e  m a t e r i a l s  w e r e  removed i n  s e v e r a l  s t a g e s  i n  vacuo. The amounts o f  mater ia l  
p resent  a f t e r  2 h r s  were 1.9568; a f t e r  16 h r s ,  1.678g; a f t e r  4 1  h r s ,  1.581g; 
and a f t e r  68 h r s ,  1.521g. This  product  i s  d a r k  brown and does n o t  flow. 

Water w a s  added t o  d i s s o l v e  t h e  potassium i o d i d e  p r e s e n t  i n  the  te t rahydro-  
furan- inso luble  material. The mixture  w a s  then  s t i r r e d  and subsequent ly  CM- 

t r i f u g e d  to y i e l d  a c l e a r , y e l l o w  superna tan t  s o l u t i o n  and a smal l  res idue .  This 
res idue  w a s  t r e a t e d  i n  t h e  same way s e v e r a l  t i m e s  t o  extract a l l  t h e  water  solu-  
b l e  m a t e r i a l s .  The f i n a l  e x t r a c t s  were c o l o r l e s s  and d i d  n o t  y i e l d  a p r e c i p i t a t e  
when t r e a t e d  w i t h  sodium te t raphenylbora te .  The r e s i d u e  obta ined  i n  t h i s  way was 
d r i e d  i n  a stream of d r y  n i t rogen  t o  c o n s t a n t  weight (0.686g). 

The water -so luble  m a t e r i a l  was f i l t e r e d  through a 1 . 4 ~  f r i t .  An a l i q u o t  
of t h e  s o l u t i o n  w a s  t r e a t e d  wi th  excess  sodium te t raphenylbora te .  The potassium 
t e t r a p h e n y l b o r a t e  which p r e c i p i t a t e d  w a s  c o l l e c t e d  and dr ied .  This  a n a l y s i s  in- 
d i c a t e s  t h a t  18.1 meq of potassium i o n  were formed i n  t h e  r e a c t i o n .  

The te t rahydrofuran-so luble  p o r t i o n  of t h e  b u t y l a t e d ,  carbon-13 l a b e l l e d  
I l l i n o i s  No. 6 c o a l  (1.5208g) was chromatographed on s i l i c a  g e l  (Baker, 60-200 
mesh, 24g) t o  remove materials such a s  t h e  e l e c t r o n  t r a n s f e r  agent  and t h e  re- 
l a t e d  r e d u c t i o n  and a l k y l a t i o n  products .  
hexane (about  250 ml) and 5:95 te t rahydrofuran:  hexane (about  250 ml). The dr ied  
e luent  weighed 0.9967g. The coa l  products  were then  e l u t e d  wi th  pure te t rahydro-  
furan  (about  250 ml) fol lowed by 50:SO te t rahydrofuran:  methanol (about 250 ml) 
and pure methanol  (about  250 ml) .  The d r i e d  e l u e n t  weighed 0.5350g. The re- 
covery w a s  v i r t u a l l y  q u a n t i t a t i v e .  

These m a t e r i a l s  were e l u t e d  wi th  pure 

A p o r t i o n  of  t h e  c o a l  product  (168.1 mg) was d isso lved  i n  pure  te t rahydro-  
furan  ( 2  ml) and chromatographed on Styrage l (R)  gpc columns (Waters Assoc ia tes ) .  
Columns wi th  a molecular  weight exc lus ion  l i m i t  of 10,000 (2  x 61 cm.) and 2,000 
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(2  x 61  cm.) were connected i n  series. 
phase (0.36 5 0.01 m l  min-l). 
i n  each experiment. The te t rahydrofuran  was removed i n  vacuo and a stream o f  
f i l t e r e d ,  d ry  n i t rogen  w a s  used t o  remove t h e  f i n a l  t r a c e s  of t h e  s o l v e n t .  The 
c o a l  product  obtained with C-13 l a b e l l e d  b u t y l  i o d i d e  w a s  p a r t i t i o n e d  i n t o  1 7  
f r a c t i o n s  ( t o t a l  weight 178.4 mg). Samples t o  b e  used f o r  nmr spectroscopy w e r e  
d r i e d  thoroughly a t  25' a t  about 5 t o r r  f o r  40-45 h r s  t o  remove t h e  remaining 
t r a c e s  of te t rahydrofuran .  

Tetrahydrofuran w a s  used as t h e  mobile  
About 30 f r a c t i o n s  (3.7 t o  3.8 ml) w e r e  c o l l e c t e d  

The spec t roscopic  methods used i n  t h i s  s tudy  have been descr ibed  previous-  
l y  (2) .  

Other Alkyla t ion  Experiments.--In o t h e r  experiments ,  l i t h i u m  and sodium 
were used i n  p lace  of potassium. 1,2-Dimethoxyethane w a s  used i n  p l a c e  of 
te t rahydrofuran .  Butyl  c h l o r i d e ,  b u t y l  bromide, b u t y l  mesylate ,  b u t y l  t r i f l a t e ,  
and methyl iod ide  were used i n  p lace  of b u t y l  iod ide .  The condi t ions  used i n  
these  experiments were very  similar t o  t h e  c o n d i t i o n s  used i n  t h e  procedures  
descr ibed  i n  t h e  previous paragraphs.  The i s o l a t i o n  procedure w a s  modif ied i n  
those  cases  where t h e  i o n i c  sa l t ,  e.g. sodium i o d i d e ,  w a s  s o l u b l e  i n  te t rahy-  
drofuran.  I n  these  i n s t a n c e s ,  t h e  te t rahydrofuran-so luble  product  w a s  washed 
wi th  water  t o  remove t h e  sa l t  p r i o r  t o  f u r t h e r  s tudy .  

R e p e t i t i v e  Alkyla t ion  Reaction.--The te t rahydrofuran- inso luble  materials 
were, i n  c e r t a i n  i n s t a n c e s ,  subjec ted  to a second a l k y l a t i o n  r e a c t i o n .  I n  t h e s e  
cases, t h e r e  were t h r e e  n o t a b l e  d i f f e r e n c e s  i n  t h e  exper imenta l  r e s u l t s .  F i r s t ,  
t h e  green co lor  of t h e  naphthalene d ian ion  p e r s i s t e d  f o r  a s i g n i f i c a n t l y  l o n g e r  
time fol lowing the  a d d i t i o n  of t h e  c o a l  res idue .  Second, gas  e v o l u t i o n ,  pre-  
sumably butene-1, was d e t e c t a b l e  during t h e  a d d i t i o n  of b u t y l  i o d i d e  o r  b u t y l  
mesylate  b u t ,  s i g n i f i c a n t l y ,  no t  during t h e  a d d i t i o n  of methyl iod ide .  Thi rd ,  
t h e  rate of formation of potassium i o d i d e  was much more r a p i d  such t h a t  t h e  
rate d i f f e r e n c e  between b u t y l  i o d i d e  and methyl i o d i d e  w a s  n o t  ev ident .  

The r e a c t i o n  products  were separa ted  i n t o  te t rahydrofuran-so luble  and t e t r a -  
The chromatographic separa-  hydrofuran-insoluble  f r a c t i o n s  as a l r e a d y  descr ibed .  

t i o n s  and spec t roscopic  i n v e s t i g a t i o n s  w e r e  a l s o  performed as descr ibed .  

RESULTS AND DISCUSSION 

The rates of reduct ion  of te t rahydrofuran  (A), naphthalene (B), and Illi- 
n o i s  No. 6 c o a l  (C) are shown i n  F igure  1. These pre l iminary  experiments  es- 
t a b l i s h e d  t h a t  potassium r e a c t e d  only  very s lowly wi th  te t rahydrofuran  under 
t h e  experimental  condi t ions  used f o r  t h e  formation of t h e  c o a l  polyanion.  
Naphthalene was r a p i d l y  converted t o  a mixture  of anion r a d i c a l s  and d i a n i o n s  
under t h e  same condi t ions .  The i n i t i a l  r e a c t i o n  between the  e l e c t r o n  t r a n s f e r  
reagent  and t h e  I l l i n o i s  No. 6 c o a l  was q u i t e  r a p i d .  However, t h e  r e a c t i o n  
slowed t o  near ly  cons tan t  r a t e  a f t e r  about 1 2  hours .  During t h e  l as t  f o u r  
days of r e a c t i o n  t h e  c o a l  molecules  acqui red  about 0 . 1  n e g a t i v e  charges  per  
100 carbon atoms per  hour. 

The t i t r i m e t r i c  d a t a  i n d i c a t e d  t h a t  t h e  c o a l  polyanions d e r i v e d  from t h i s  

The evidence obta ined  i n  t h e  magne- 
c o a l  q u i t e  reproducibly had 2 1 2  1 n e g a t i v e  charges per  100 carbon atoms when 
potassium w a s  used as t h e  reducing agent .  
t i c  resonance work on t h e  r e a c t i o n  products  sugges ts  t h a t  t h e s e  n e g a t i v e  charges  
r e s i d e  l a r g e l y  on t h e  oxygen atoms of t h e  phenoxide and a lkoxide  r e s i d u e s  and on 
t h e  carbon ske le tons  of t h e  a romat ic  fragments of t h e  c o a l  s t r u c t u r e .  
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Potassium is  a much more e f f e c t i v e  reducing agent  than e i t h e r  sodium o r  
l i th ium.  T h i s  f e a t u r e  of t h e  r e a c t i o n  is i l l u s t r a t e d  by t h e  e x t e n t  of reduc- 
t i o n  (measured by t h e  number of n e g a t i v e  charges per  100 carbon atoms) and t h e  
e x t e n t  of a l k y l a t i o n  (measured by t h e  number of a l k y l  groups introduced and 
t h e  weight of t h e  r e a c t i o n  products ) .  The r e s u l t s  are summarized i n  Table I. 

TABLE I 

THE REDUCTION AND ALKYLATION OF ILLINOIS NO. 6 COAL W I T H  
LITHIUM, SODIUM, AND POTASSIUM 

b 
Reagent P a i r  Reductiona Alkyla t ion  

Lithium, Buty l  i o d i d e  12.0 12.2 (0.78g) 

Sodium, Butyl  i o d i d e  12.9 13.2 (1.17g) 

Potassium, Buty l  i o d i d e  19 .3  20.1 (1.52g) 

% e g a t i v e  charges  acqui red  per  100 carbon atoms. 

bButyl  groups in t roduced  p e r  100 carbon atoms. The weight of te t rahydro-  
furan-so luble  product  ob ta ined  from 1.OOg of c o a l .  

The r e a c t i o n s  of t h e  c o a l  polyanion w i t h  methyl iod ide  and b u t y l  iod ide  
w e r e  compared i n  te t rahydrofuran .  The r e a c t i o n  could be monitored q u i t e  r e a d i l y  
by the  rate a t  which potassium i o d i d e  p r e c i p i t a t e d  from s o l u t i o n .  
t h a t  methyl i o d i d e  i s  about 10-fold more r e a c t i v e  than b u t y l  i o d i d e  under these  
condi t ions .  This  r e s u l t ,  of course,  sugges ts  t h a t  t h e  SN2 r e a c t i o n s  of t h e  c o a l  
polyanion are more s i g n i f i c a n t  than t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n s .  Although 
t h e r e  i s  a c l e a r  d i s t i n c t i o n  i n  t h e  r e a c t i o n  rate, t h e  e x t e n t  of t h e  a l k y l a t i o n  
r e a c t i o n  is t h e  same f o r  methylat ion and b u t y l a t i o n  wi th  about 2 1  a l k y l  groups 
introduced p e r  100 carbon atoms. The amount of te t rahydrofuran-so luble  a lkyla-  
t i o n  product  i s  a l s o  similar f o r  methyla t ion  and b u t y l a t i o n  under comparable 
condi t ions .  

W e  estimate 

The o b s e r v a t i o n s  concerning t h e  b u t y l  h a l i d e s  and s u l f o n a t e s  are summarized 
i n  Table 11. 

TABLE I1 

ALKYLATION REACTIONS WITH BUTYL DERIVATIVES 

Reagent, F i r s t  React ion Second React ion Tota l  
equiva len tsa  S o l u b i l i t y , b  Residue,c  S o l u b i l i t y ,  Residue,c % 

% g % g 

__  _- BuC1, 2.0 23 1.00 -- 
BuBr, 2.0 51  0.64 -- 
BuI, 2 - 0  6 2  0.49 7 4  0.18 79 
BuOS02CH3, 2.0 64 0.51  po 1 yme r 

__  _- 
-- -- 

B u O S O ~ C F ~ ,  2 .0  polymer -- -- -_ _- 
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aBased on the  number of nega t ive  charges acqui red  by t h e  c o a l .  

bThe percentage of t h e  o r i g i n a l  c o a l  which has  been converted t o  s o l u b l e  pro- 
The va lues  r e p o r t e d  h e r e  have been cor rec ted  f o r  t h e  e x t e n t  of t h e  a lkyla-  duct .  

t i o n  r e a c t i o n .  

'The weight of the  te t rahydrofuran- inso luble  res idue .  No c o r r e c t i o n  has  
been appl ied  f o r  e i t h e r  a l k y l a t i o n  o r  minera l  matter. 

The r e a c t i o n s  of t h e  potassium c o a l  polyanion wi th  t h e  b u t y l a t i o n  r e a g e n t s  
d i f f e r e d  markedly. Both t h e  percentage of s o l u b l e  product  and the  weight  of 
r e s i d u e  i n d i c a t e  t h a t  t h e  r e a c t i o n s  of t h e  c h l o r i d e  and t h e  bromide are d i s t i n c t -  
l y  less e f f e c t i v e  than  t h e  r e a c t i o n s  of t h e  iod ide .  The b u t y l  s u l f o n a t e  esters 
were much more r e a c t i v e .  I n  one case, t h e  mere a d d i t i o n  of f r e s h l y  d i s t i l l e d  
b u t y l  t r i f l a t e  t o  te t rahydrofuran  at room temperature  caused t h e  polymer iza t ion  
of t h e  so lvent .  I n  t h e  o t h e r  case ,  the  a d d i t i o n  of b u t y l  mesylate  t o  t h e  reac- 
t i o n  mixture  w a s  e f f e c t i v e  f o r  t h e  product ion of s o l u b l e  products  i n  64% con- 
vers ion .  However, when t h e  r e a c t i o n  was repea ted  wi th  t h e  r e s i d u e ,  a polymeriza- 
t i o n  r e a c t i o n  ensued and a gas ,  1-butene, was evolved from t h e  r e a c t i o n  mixture .  

These observa t ions  i n d i c a t e  t h a t  b u t y l  i o d i d e  i s  adequately r e a c t i v e  f o r  
This r e a g e n t  e f f e c t i v e l y  conver t s  more than the  a l k y l a t i o n  of t h e  polyanion.  

90% of t h e  o r i g i n a l  carbonaceous m a t t e r  i n  the  c o a l  t o  s o l u b l e  a l k y l a t i o n  pro- 
duc ts .  The f a c t  t h a t  t h e  r e a c t i o n s  of b u t y l  c h l o r i d e  and b u t y l  bromide do n o t  
g ive  similar r e s u l t s  sugges ts  very  s t r o n g l y  t h a t  SN2 r e a c t i o n s  r a t h e r  than  e l e c -  
t r o n  t r a n s f e r  r e a c t i o n s  a r e  pr imar i ly  r e s p o n s i b l e  f o r  t h e  product ion  of s o l u b l e  
materials. This i n t e r p r e t a t i o n  is based on t h e  f a c t  t h a t  t h e  r e a c t i v i t i e s  of 
nuc leophi les  with b u t y l  iod ide ,  bromide, and c h l o r i d e  are i n  t h e  approximate 
order  100:60:1 and t h a t  these  s u b s t i t u t i o n  r e a c t i o n s  are a l l  slow r e l a t i v e  t o  
the  e l e c t r o n  t r a n s f e r  r e a c t i o n s  of t h e  b u t y l  h a l i d e s  wi th  anion r a d i c a l s .  To 
i l l u s t r a t e ,  t h e  rate cons tan ts  f o r  the  r e a c t i o n s  of primary a l k y l  i o d i d e s  w i t h  
anion r a  i c a l s  of t h e  kind formed under t h e  condi t ions  of these  experiments  a r e  
about 104'&/mole sec ( 3 ) .  The r a t e  c o n s t a n t s  f o r  t h e  r e a c t i o n s  of primary a l k y l  
iod ides  wi th  nuc leophi les  a r e  much smaller, on ly  about  10 &/mole sec i n  t h e  
f a s t e s t  processes  ( 4 ) .  Thus, w e  i n f e r  t h a t  t h e  b u t y l  h a l i d e s  a l l  undergo r a p i d  
e l e c t r o n  t r a n s f e r  r e a c t i o n s  t o  produce b u t y l  r a d i c a l s  dur ing  the  i n i t i a l  s t a g e s  
of t h e  a l k y l a t i o n  process .  We a l s o  i n f e r  t h a t  t h i s  process  i s  less impor tan t  

BuX + ArH- + A r H  + Bu- + X- 

Bu. + Coaln- + Bu-Coal-" 

f o r  t h e  formation of s o l u b l e  products  than  t h e  a l k y l a t i o n  r e a c t i o n s  

BuI + Coal-ArO- + Coal-ArOBu + I- 
2BuI + Coal-Ar= + Coal-Ar(Bu)2 + 21- 

which proceed much more s lowly.  Indeed,  w e  observed t h a t  t h e  p r e c i p i t a t i o n  of  
potassium i o d i d e  from t h e  r e a c t i o n  of b u t y l  i o d i d e  wi th  t h e  c o a l  polyanion ap- 
peared t o  be  complete only  a f t e r  about 24 h r s .  
of t h e  polyanion wi th  t h e  o t h e r  h a l i d e s  would n o t  be complete i n  48 hrs .  

Thus, t h e  much slower r e a c t i o n s  
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In another  experiment ,  w e  t e s t e d  t h e  u t i l i t y  of 1,2-dimethoxyethane as a 
so lvent  f o r  t h e  r e a c t i o n .  The r e s u l t s  ob ta ined  i n  t h i s  experiment revea led  
t h a t  the  c o a l  polyanion was formed t o  t h e  same e x t e n t  as i n  te t rahydrofuran .  
I n  a d d i t i o n ,  t h e  a l k y l a t i o n  of t h e  polyanion wi th  b u t y l  mesylate  proceeded t o  
g i v e  65% s o l u b l e  product .  
t i o n  in t e t r a h y d r o f u r a n ,  64%. Hence both s o l v e n t s  are equal ly  u s e f u l  f o r  the  
a l k y l a t i o n  r e a c t i o n .  

This  datum is  comparable wi th  t h e  r e s u l t  f o r  butyla-  

When w e  were s a t i s f i e d  t h a t  t h e  a l k y l a t i o n  r e a c t i o n  could be  accomplished 
both  e f f e c t i v e l y  and reproducib ly ,  w e  undertook t h e  s y n t h e s i s  of C-13-enriched 
b u t y l  i o d i d e .  Convent ional  procedures  w e r e  used t o  produce the  d e s i r e d  com- 
pound i n  90% i s o l a t e d  y i e l d  us ing  concentrated hydro iodic  a c i d .  

CH3CH2CH2C(13)H20H + H I  ~ ~ f ~ ~ ~ :  CH3CH2CH2C(13)H21 + H20 

The c o a l  a l k y l a t i o n  r e a c t i o n  w a s  c a r r i e d  o u t  using t h e  enr iched  compound 
and the products  w e r e  separa ted  using t h e  procedures  descr ibed  i n  t h e  Experi- 
mental P a r t .  The pro ton  and carbon nmr s p e c t r a  of  one f r a c t i o n  (comparable t o  
f r a c t i o n  9 i n  t h e  prev ious  r e p o r t  (2) )  a r e  presented  in Figures  2 and 3. 

The proton nmr s p e c t r a  of t h e  c o a l  products  ob ta ined  i n  t h i s  work a r e  q u i t e  
s i m i l a r  t o  t h e  s p e c t r a  of the products  ob ta ined  by Sun and Burk and discussed 
previous ly  (2). No a d d i t i o n a l  comments on t h i s  a s p e c t  of t h e  work a r e  necessary.  

The carbon nmr s p e c t r a ,  on t h e  o t h e r  hand, provide  much new information 
concerning t h e  a l k y l a t i o n  r e a c t i o n .  To i l l u s t r a t e ,  t h e  resonances a t  667.7, 
72.9, and 64.2 i n d i c a t e  t h a t  0 -buty la t ion  has  occurred  dominantly on ary loxides  
wi th  concomit tant  b u t y l a t i o n  on a lkoxide  and p o s s i b l y  carboxyla te  fragments. 
The broad band of resonances a t  635 i n d i c a t e  t h a t  C-butylation i s  a l s o  important  
and t h a t  bucyl  groups are bonded t o  qua ternary  and t e r t i a r y  sp3 carbon atoms and 
poss ib ly  t o  a romat ic  carbon atoms. 
d a t a  f o r  o t h e r  f r a c t i o n s  enr iched  i n  carbon-13 w i l l  be d iscussed .  

These r e s u l t s  and t h e  o t h e r  spec t roscopic  
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1 . 0  In t rodi rc t ion  ~ _ _  

(:oals co i i ta in  i n o r g a n i c  s u l f u r  compounds, l i k e  i r o n  p y r i t e  and gypsum and 
orgairic s u l f u r ,  which is Iiound t o  t h e  o r g a n i c  m a t r i x .  D e t a i l c d  rev iews  o f  s u l -  
Cui- f u n c t i o n a l  groups  i n  con1 wcre r e c e n t l y  publ iShed  by  At ta r  (1977)(1) and At ta r  
and Corcoran (1977) ( 2 ) .  
r c a c t i o n s  o f  t h e  s u l f u r  were d c s c r i b e d  by Attar (1978) and t h e r e f o r e  w i l l  no t  
hc revicwcd h c r e  i n  d e t a i l .  

Thc chemis t ry ,  t h e  k i n e t i c s  and t h e  thermodynamics of  

T h i s  work had two o b j e c t i v e s :  

I .  t o  i d e n t i f y  and  q u a n t i f y  t h e  o r g a n i c  s u l f u r  group f u n c t i o n a l i t i c s  

2 .  t o  examinc t h e  imp1 i c a t i o n s  of t h e s e  f u n c t i o n a l i t i e s  on p o t c n t i a l  
i ; r  d i . f f e r c n t  c o a l s ,  and 

d e s u l f u r i z a t i o n  p r o c e s s e s .  

'Ihc main r e s u l t s .  a r e :  

1 .  The m a j o r i t y  of  t h e  o r g a n i c  s u l f u r  i n  h i g h  ranked c o a l s ,  i . e . ,  LVB is 
t h i o p h c n i c  whi le  i n   OW ranked c o a l s ,  i . e .  l i g n i t e s ,  most o f  t h e  
o r g a n i c  sulfccr  i s  t h i o l i c  o r  s u l f i d i c .  

2 .  18-25% o f  t h e  o r g a n i c  s u l f u r  i s  i n  t h e  form o f  a l i p h a t i c  s u l f i d e s  i n  
a l l  c o a l s .  

3 .  P a r t  o f  t h e  o r g a n i c  t h i o l s  a r e  p r e s e n t  i n  t h e  form o f  i o n i c  t h i o l a t e s ,  
p i ~ s ~ i i n a l ~  I y of  cn 1 c i  mi. 

I .  Co;ils c o n t a i n i n g  inairily t h i o l i c  groiips c a n  be e a s i l y  d e s u l f u r i z e d .  

2 .0  I ' r inci j i lc  of t h e  Method of  Analys is  

I k t a i l c d  d e s c r i p t i o n  of t h c  p r i n c i p l e  o f  t h e  method of  a n a l y s i s  was pub- 
Therefore  o n l y  t h e  main p o i n t s  w l l l  be l i s l i c d  by Attar and  Dupuis ( 1 9 7 8 ) ( 4 ) .  

J c s c r i b c d  h c r c .  

1. 

2 .  

3 .  

A l l  t h e  o r g a n i c  s u l f u r  fu i ic t jona l  groups can b e  reduced t o  H,S i f  a 
s u f f i c i e n t l y  s t r o n g  rcducing  a g e n t  i s  uscd.  
Cach s u l f u r  group is  rcduced a t  a r a t e  which c a n  be c h a r a c t e r i z e d  by 
a unique a c t i v a t i o n  cncrgy and a frequency c o n s t a n t .  
I f  ii sample wl;ich c o n t a i n s  mary s u l f u r  groups is reduced and t h e  tem- 
p c r a t u r e  i s  g r a d u a l l y  i n c r e a s e d ,  each s u l f u r  group w i l l  r e l e a s e  11,s 
a t  a d i f f e r e n t  tcmpcra ture  g iven  by:  

whcrc llni is t h c  tcmpcra ture  o f  t h e  maximum E i  and Ai a r c  t h e  a c t i v a t i o n  
cncrgy  and  t h e  f rcqucncy  f a c t o r ,  and ci i s  t h e  l i n c a r  r a t e  o f  tempera ture  
i t i c r e a s c .  
group c a n  be d c s c r i b c d  by: 

l h e  r a t e  o f  e v o l u t i o n  o f  11,s from t h e  r c d u c t i o n  o f  t h c  i - t h  

E 
E .  A , I U  - d[ll,S]i Ai RT -[II,s). exp[- -L - 1 RT E i  e 

-= 
d t  10 
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where [II,S]io i s  t h e  t o t a l  amount o f  H,S t h a t  r e d u c t i o n  o f  t h e  i - t h  
group would r e l e a s e .  The d e t a i l e d  d e r i v a t i o n  o f  t h e  p r e v i o u s  e q u a t i o n s  
was done by Juntgen  ( 1 9 6 4 ) ( 5 ) ,  and Juntgen  and Van Heck (1968)(6). 
The v a l u e  o f  7',i i s  a c h a r a c t e r i s t i c  un ique  t o  t h e  s u l f u r  f u n c t i o n a l i t y  
reduced and t h e  a r e a  of each peak i s  p r o p o r t i o n a l  t o  t h e  q u a l i t y  o f  s u l -  
f u r  p r e s e n t  i n  t h e  forin o f  t h e  group reduced .  

4 .  

The i m p l i c a t i o n  o f  t h e s e  d i s c u s s i o n s  i s  t h a t  t h e  a r e a  o f  t h e  peak whose maxi- 
nium i s  a t  Tmi i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n , o f  s u l f u r  p r e s e n t  i n  t h e  sample 
i n  t h e  'forin of  t h e  i - t h  group. Therefore ,  q u a n t i t a t i v e  d e t e r m i n a t i o n s  o f  t h e  i - t h  
s u l f u r  group c a n  b e  a,ccomplished by d e t e r m i n i n g  t h e  area o f  each  peak. 

3 . 0  Experimental  

l h c  c ; i~~er i i i i cn ta l  system c o n s i s t s  o f  six p a r t s :  

1. a r e d u c t i o n  c e l l ,  
2 .  a gas feed and moni tor ing  sys tem,  
3 .  a hydrogen s u l f i d e  d e t e c t o r ,  
4 .  a r e c o r d e r ,  
5 .  an i n t e g r a t o r ,  and 
6 .  a tempera ture  programmer. 

F igure  1 i s  a schemat ic  d iagram o f  t h e  exper imenta l  system. The c o a l  sample i s  
p laced  i n  t h e  r e d u c t i o n  c e l l  w i t h  a mixture  o f  s o l v e n t s  c a t a l y s t  and a .reduci.nR 
a g e n t .  The gas  flow rate  i s  t h e n  a d j u s t e d  and t h e  t e m p e r a t u r e  i s  programmed up.  
'I'lic r a t e  O F  c v o l u t i o n  o f  H,S i s  recorclcd vs .  t h e  c e l l  t empera ture  and t h e  s i g n a l  
o f  c:icIi peak i s  i n t c g r n t e d  i is ing t h e  i n t e g r a t o r .  A more d e t a i l e d  d e s c r i p t i o n  of  
t h i s  systein was r c c c n t l y  publ i shcd  by A t t a r  and l)upuis (1978) ( 4 ) .  

'l'hc d a t a  d e s c r i b e d  i n  th i . s  paper were d e r i v e d  u s i n g  an improved v e r s i o n  o f  
t h e  same experi inental  sys tem.  The f o l l o w i n g  m o d i f i c a t i o n s  were made: 

1 .  

2 .  t h e  s e n s i t i v i t y  of  t h e  d e t e c t o r  was improved, and 
3 .  

s t r o n g e r  reducing  c o n d i t i o n s  were used i n  o r d e r  t o  o b t a i n  more comple te  
r e d u c t i o n s  of  t h e  o r g a n i c  s u l f u r ,  

t h e  c e l l  d e s i g n  was changed and now i t  i s  p o s s i b l e  t o  o b t a i n  d e t a i l e d  
a n a l y s i s  on a r o u t i n e  b a s i s .  

F igure  2 shows a t y p i c a l  kinetogram. 

4 .O R e s u l t s  and Discuss ion  - 

'l'iic d i s t r i b u t i o n s  o f  s u l f u r  f u n c t i o n a l  groups (USI:G) i n  f o u r  t y p e s  o f  solids 
a r c  d e s c r i b e d :  

I .  s u l f u r  c o n t a i n i n g  polymcrs w i t h  wel l  c h a r a c t e r i z e d  s u l f u r  f u n c t i o n a l  
groups ,  

2 .  raw c o a l s ,  
3 .  t .rc:itcd c o a l s ,  and 
4 .  i r o n  p y r i t e .  
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'The a n a l y s i s  of  t h e  USIX  c o n s i s t s  o f  two p a r t s :  

1. t h c  q u a l i t a t i v e  assignment o f  a peak o f  a kinetogram t o  a g iven  chemical 

2 .  t h e  d e t e r m i n a t i o n  o f  t h e  q u a n t i t y  o f  each  s u l f u r  group i n  t h e  (coa l )  
s t r u c t i i r c ,  and 

saniple .  

4 . 1  Q u a l i t a t i v e  l d e n t i f i c a t i o n  o f  t h e  S u l f u r  Groups 

'Tests o f  polymers i i . t h  a known s t r u c t u r e  were used t o  i d e n t i f y  t h e  tempera- 
t u r c  a t  which each  s u l f u r  group r e l e a s c s  i t s  s u l f u r .  Four polymers were t e s t e d :  

1 .  po lyphcnelenc  s u l f i d e  (7) as  a r e p r e s e n t a t i v e  o f  a r o m a t i c  s u l f i d e s ,  
2 .  p o l y t h i o p h e n c  as a r e p r e s e n t a t i v e  of  t h i o p h e n i c  s u l f u r ,  
3 .  a copolymer produccd from cyclohexene  and 1 , 2  e t h y l e n e  d i t h i o l  (z), as 

a r e p r e s e n t a t i v e  o f  a l i p h a t i c  and a l i c y c l i c  s u l f i d e s ,  and 
4 .  v o l c a n i z e d  n a t u r a l  rubber  as a r e p r e s e n t a t i v e  o f  a l i p h a t i c  s u l f i d e s  and 

d i s u l f i d e s .  

All  t h e  polymers c o n t a i n e d  somc t h i o l i c  s u l f u r .  

The use o f  s u l f u r  c o n t a i n i n g  polymers can be used t o  i d c n t i f y  t h e  tcmpera ture  
rcgi  on where each  s u l f u r  group i s  reduced o n l y  i f  two c o n d i t i o n s  a r e  f u l f i l l e d :  

I. 

2 .  the r ; i tc  o f  t h e  r e d u c t i o n  o f  each  s u l f u r  f u n c t i o n a l  group drpends only 

t h e  r a t e  o f  t h c  chcmi.ca1 r e a c t i o n  c o n t r o l s  t h e  r a t e  of  r e l e a s q  o f  I:,S 
whcn b o t h  co;iI samples and polynicr samples a r e  examined, 

on tlic Iiydroc:irl~on s t r u c t u r e  i n  i t s  immediate v j . c i n i t y .  

Tahlc 1 shows t h c  r e s u l t s  o f  tests o f  t h e  v a r i o u s  polymers and t h e  maximum tem?crLl- 
t u r c  f o r  each group. 

4.2 - Q u a n t i t a t i v e  A n a l y s i s  o f  t h e  C o n c e n t r a t i o n s  of  S u l f u r  Groups 

4 . 2 . 1  Ikcovery  o f  Organic S u l f u r  

Q u a n t i t n t  i v c  a n a l y s i s  can h e  accomplished provided  t h a t  a11  t h c  s u l f u r  p r e s e n t  
I t  i s  a l s o  assumcd t h a t  t h e  d i s t r i h u -  i n  t h e  form o f  cnch group i s  reduced t o  H2S. 

t i o n  does n o t  change d u r i n g  t h e  a n a l y s i s  and t h a t  a l l  t h e  11,s r e l e a s e d  i s  d e t e c t e d  
and d e t e r m i n e d .  

liach inole of s u l f u r ,  when reduced ,  produces one mole o f  H2S. Therefore ,  t h e  
t~~~iiiI>i:r o f  iiiolcs o f  11,s foriiicd d u r i n g  t h e  r e d u c t i o n  o f  cnch group i s  p r o p o r t i o n a l  
o r  equal t o  t h e  nunit)er of  i i ioIcs s u l f u r  p r e s e n t  i n  t h e  sample i n  t h a t  form. 

'Ihc r c c o v c r y  o f  S U I  f u r  from model compounds c o n t a i n i n g  a l i p h a t i c  t h i o l s ,  
th iophenes  and a r y l  s u l f i d c s  was 34-39%. 

'Table 2 shows t h e  r c s u l t s  o f  t h e ,  quant i t ; i t i .on o f  t h c  kinetogram o f  t h r e e  
s:implcs o f  I l l i n o i s  116 coal w i t h  d i f f e r e n t  p a r t i c l e  s i z e s .  The two most important 
c o n c l u s i o n s  from t h e s e  t es t s  a r e  t h a t  t h e  recovery o f  t h i o p h c n e s  and aromat ic  SUI- 
fidcs dcpeiids on t h e  c o a l  p a r t i c l e  s i z e  used and t h a t  to a f i r s t  o r d e r  approxima- 
t i o i i ,  t h e  recovery  o f  o t h c r  groups i s  indcpcndcnt  o f  t h e  coa l  p a r t i c l e  s i z c .  I t  
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is concc ivab lc  t h a t  d u r i n g  t h e  a n a l y s i s ,  i n  t h e  i n t e r i o r  o f  l a r g e  coa l  p a r t i c l e s ,  
t h e  s u l f u r  groups can condense and form ( g r a p h i t i z e d )  compounds which a r e  l e s s  
aincnablr t o  r educ t ion .  
coa l  p a r t i c l c s  and i n h i b i t  t h e  r a t e  o f  condensa t ion .  While a l i p h a t i c  t h i o l s  and 
s u l f i d c s  a r e  rcduced a t  low t cmpera tu re ,  b e f o r e  condensa t ion  commences, t h e  r educ -  
t i o n  o f  t h iophenes  occur  s imul t eneous ly  wi th  t h e  condensa t ion  and t h e r e f o r e  i n  a 
l a r g c  p a r t i c l e  t h iophen ic  group could form condensed th iophenes  which a r e  l e s s  
amcnable t o  r c d u c t i o n .  

The  s t r o n g  r educ ing  a g c n t  used can p c n c t r a t e  i n t o  s m a l l e r  

\ 
f 

4 . 2 . 2  Recovery o f  P y r i t i c  S u l f u r  

Tab le  3 shows t h a t  a ve ry  sinal1 f r a c t i o n  o f  t h e  p y r i t i c  s u l f u r  i s  r e c o v e r -  
a b l e  when pure , c r y s t a l l i n e  i r o n  p y r i t e  i s  t e s t e d .  I n  a l l  t h e  c a s e s  t e s t e d ,  t h e  
r ecove ry  never  exceeded 1-2%.  Somewhat l a r g e r  r ecove ry  i s  o b t a i n e d  when slow 
h e a t i n g  rates o r  r educ ing  a g e n t s  with s m a l l e r  r educ ing  p o t e n t i a l  a r e  used .  
s t r o n g  r educ ing  a g e n t s  a r c  uscd,  a l a y e r  o f  m e t a l l i c  i r o n  i s  b e l i e v e d  t o  b e  r’oroed 
on t h e  s u r f a c e  o f  t h e  i r o n  s u l f i d e  which p r e v e n t s  d i f f u s i o n  o f  t h e  r e d u c i n g  s p e c i e s .  

When 

Small i r o n  p y r i t c  p a r t i c l c s ,  o f  t h e  o r d e r  o f  1-10 microns are  o f t e n  reduced 
more e f f e c t i v c l y  than  l a r g e r  p a r t i c l e s  because t h e y  a r e  l e s s  c r y s t a l l i n e  and 
o f t e n  c o n t a i n  more i m p u r i t i e s  than l a r g e r  p a r t i c l e s .  

\ 4 . 3  Kcsolut ion 

The e v o l u t i o n  o f  t12S from a l i p h a t i c  s u l f i d c s  and from i r o n  p y r i t s  ‘ c o i n c i d e s  
t o  t l i c  cstcrit t h a t  i t  is aliilvst imposs ib l e  t o  r e s o l v e  the two peaks.  However, 
s i i i ( -c  i r o n  p y r i t e  can I)c dctcrmincd indcpendcn t ly  us ing  ASTM D3131, i t  was pos- 
s i b l c  t o  es t i ina tc  t h c  r e l a t i v c  c o n t r i b u t i o n  o f  p y r i t i c  s u l f u r  and s u l f i d i c  s u l f u r  
t o  t h e  unresolved peaks .  Somcwhat b c t t c r  r e s o l u t i o n  was o h t a i n a b l c  a t  slow r a t e s  
o f  h c a t i n g ,  however i n  t h e s e  c a s e s  t h e  o v e r a l l  r ccove ry  and t h c  s i g n a l  t o  n o i s e  
r a t i o  were rcduced.  

4 . 4  The S u l f u r  D i s t r i b u t i o n  i n  Raw Coals  

‘Table 4 shows t h e  d i s t r i b u t i o n  o f  t h e  v a r i o u s  c l a s s e s  o f  s u l f u r  i n  f i v e  c o a l s  
and  t a b l e  5 shows t h e  d i s t r i b u t i o n  o f  t h e  o r g a n i c  s u l f u r  groups i n  t h e  .same f i v e  
c o a l s .  Thc r e s u l t s  shows t h a t  t h e  c o n t e n t  o f  t h i o l s  is s u b s t a n t i a l l y  l a r g e r  i n  
l i g n i t c s  and l l V H  c o a l s  than i n  LVU c o a l s .  The f r a c t i o n  o f  a l i p h a t i c  s u l f i d e s  i s  
apliroximntcly t h c  samc in c o a l s  w i t h  d i f f c r e n t  r anks  and vary around 20% o f  t h e  
o rgan ic  s u l f u r .  I f  i t  i s  accci i ted t h a t  a11 t h e  unrecovered o rgan ic  s u l f u r  i s  duc  
t o  thiophcncs (and a romat i c  s u l f i d e s ) ,  t hen  t h c  d a t a  i n d i c a t e  c l e a r l y  t h a t  l a r g e r  
f rc ic t ions  of t h c  o r g a n i c  s u l f u r  i s  p r c s e n t  as t h i o p h c n i c  s u l f u r  i n  h i g h c r  rankzd 
c o a l s  t h a n  i n  lowcr ranked c o a l s .  The accep tcd  thco ry  on t h e  hydrocarbon structure 
of  coal i s  t h a t  h ighe r  ranked c o a l s  a r c  more condensed than  lower rankcd c o a l s .  I t  
should n o t ,  t h c r e f o r c ,  Iic s u r p r i s i n g  t h a t  t h e  s u l f u r  groups a r e  a l s o  more condcnsed, 
iiiorc th iopl icn ic ,  i n  I i igher  ranked c o a l s  than i n  lowcr ranked c o a l s .  

‘rhc d a t a  on t h c  r c l : i t i v c  ainollnts o f  -SII, R-S-I? and t h i o p h e n i c  s u l f u r  can be 
cxp la incd  a s  fo l lows :  
tr:tppcd by t h e  o r g a n i c  matr ix  i n  t h e  form o f  t h i o l i c  s u l f u r .  
r c a c t  ions“ a rc :  

suppose t h a t  Imst o f  t h c  o rgan ic  s u l f u r  i s  i n i t i a l l y  
Typical  “ t r a p p i n g  
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1 

)I ROH + 11,s -t l1SH + H,O 

and 

i 
RIIC = CtlII' + 11,s -+ IW,C - CH(SH)R' 

Ihtriirg t h c  c o a l i f i c a t i o n ,  t h i o l s  can condense t o  form s u l f i d e s  and e v e n t u a l l y  
aroitiatic s u l f i d e s  and t h i o p h e n e s :  

I KSH + 11'11 + RS-11' + H ,  
I 

The scquenze  o f  t h e  condensa t ion  r e a c t i o n s  i s  t h e r e f o r e :  

11,s + RH -+ RSH -+ I1SR+ 

In o t h e r  words,  t h e  s u l f i d e s  a r e  an i n t e r m e d i a t e  form w h i c h , t h c  s u l f u r  may have 
before  it i s  c.onverted t o  t h e  t h i o p h e n i c  form. Thus,  it should no t  be s u r p r i s i n ? ,  
t h a t  t l ic  f r a c t i o n s  o f  s u l f i d i c  s u l f u r  i s  approximate ly  c o n s t a n t  s i n c e  d u r i n g  t h e  
c o a l i f i c a t i o n ,  s u l f i d i c  groups a r e  formed from t h i o l i c  groups and a r e  consumed 
t o  produce t l r iophencs .  These p r o c e s s e s  a r e  condensa t ion  p r o c e s s e s  which a r e  
b e l i c v c d  t o  o c c u r  i n  t h e  s t r u c t u r e  o f  c o a l  d u r i n g  c o a l i f i c a t i o n .  I 

4 . 5  % S u l f u r  I ? i s t r i b u t i o t t  i n  Trea ted  Coals  

Var ious  tre:itmcnt.s arc known t o  be s c l c c t i v c  t o  s p e c i f i c  s u l f u r  groups .  I t  
was t h c r c f o r e  i n t e r e s t i n g  t o  cxainine t h e  kinetograitr o f  t r e a t e d  c o a l s .  Three 
t rea t rncnts  are d e s c r i b e d :  

1 .  
2 .  removal of  the a l k a l i n e  m i n e r a l s  w i t h  IICI, and 
3 .  m e t h y l a t i o n  o f  t h e  c o a l  with methyl i o d i d e .  

o x i d a t i o n  wi th  11,O o r  HNO,, 

4 . 5 . 1  O x i d a t  ioit 

N i l d  o x i d a t i o n  o f  c o a l  with a c i d i c  s o l u t i o n s  o f  hydrogen peroxide  o r  n i t r i c  
a c i d  d i s s o l v c s  t h c  iroi: p y r i t e  and c o n v c r t s  t h e  t h i o l s  t o  s u l f o n i c  a c i d s .  Some 
o r g a n i c  f u n c t i o n a l  groups o x i d i z e  t o  t h e  cor responding  s u l f i d e s  and s u l f o n c s  (E). 
Ilowcvcr, i n  g e n e r a l ,  t h e  l a t t e r  p r o c e s s  r e q u i r c s  s t r o n g  o x i d i z i n g  c o n d i t i o n s .  
From t h c  a n a l y t i c a l  p o i n t  o f  view one might t h i n k  t h a t  it is not  impor tan t  whr thcr  
the o r g a n i c  s u l f u r  groups are o x i d i z e d  or  n o t ,  s i n c e  t h e  r e d u c i n g  agent  uscd con- 
v e r t s  thcm hack v c r y  r a p i d l y  t o  t h e  non-oxidized form. T h e r e f o r e ,  t h e  r e s u l t s  o f  
t h e  a i i a l y s i s  w i l l  no t  d i f f e r e n t i a t e  between t h e  reduced and t h e  o x i d i z e d  f o r n  of  
:I s u l f u r  groul,. In  o t h e r  words, o x i d a t i o n  could  have bcen used t o  remove t h e  i n t c r -  
fercr tcc  from p y r i t e  wi thout  much e f f e c t  on t h e  d e t e r m i n a t i o n  of  t h e  o t h e r  s u l f u r  
groups .  However, o x i d a t i o n  appcars  t o  i n c r e a s e  t h e  r e s i s t a n c e  t o  mass t r a n s p o r t  
and t h u s  t o  reduce  t h e  r e s o l u t i o n .  F i g u r e  3 shows t h e  k ine tograms o f  two coa l  
saniples ana lyzed  f o r  t h e  U.S. Ikpar tmcnt  o f  Energy. The f irst  i s  t h e  o r i g i n a l  
c o a l ,  t h c  second i s  an o x i d i z e d  sample.  The r e s u l t s  show t h a t  t h e  o x i d a t i o n  d i d  
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not  rcinovc any o rgan ic  s u l f u r  a l though  t h c  p y r i t i c  s u l f u r  was removcd. Thc s i g -  
n a l s  a re  howcvcr much l c s s  r c so lvcd  i n  t h e  o x i d i z e d  samplc than  i n  t h e  raw c o a l .  
Si.ncc t h e  o x i d a t i o n  was conducted i n  an a c i d i c  ino rgan ic  s o l u t i o n ,  and hccausc it 
is known t h a t  s u l f o n i c  a c i d s  can he hydrolyzed t o  hydrocarbons and s u l f u r i c  a c i d ,  
somc o f  t h e  t h i o l s  seem t o  d i s a p p e a r  a s  a r e s u l t  of t h e  o x i d a t i o n .  

4 .5 .2  llCl l 'rcatnicnt 

I)i,l .ute HC1 d i s s o l v c s  t h e  o r g a n i c  and ca rbona te  s a l t s  o f  ca l c ium,  magnesium 
and i.ron. S incc  somr, 1-1,s can r e a c t  w i t h  h a s i c  calcium and i r o n  salts ,  it was 
d e s j r c d  t o  examine t h e  e f f e c t  o f  H C 1  t r ea tmen t  on t h e  .kinetogram. 'Figure 4 
shows the kinctogranis of raw c o a l  and l l C l  e x t r a c t e d  c o a l .  The most impor t an t  
d i  f f c r c n c c  hetwccn t h e  kinetograms i s  t h a t  t h e  second peak due t o  th iopheno l s  
d i sappca red  and t h e  t h i o l s  peak i s  i n c r c a s e d .  1.t i s  p l a u s i b l e  t h a t  some o f  t i i L  
s u l f u r  w h i c h  is deterinincd as t h i o p h c n o l i c  i s  indeed t h i o l i c .  T h i o l s  can r c a c t  
w i th  cnlciuiii t o  form ca lc ium t h i o l a t c s ,  r e d u c t i o n  o f  which inay r e q u i r c  l a r g e r  
a c t i v a t i o n  ciicrgy than  t h i o l s .  
gcn and c o n v e r t s  t h e  t h i o l a t e s  i n t o  t h i o l s :  

tIC1 t r ca tmcn t  r c p l a c e s  t h c  ca l c ium w i t h  hydro- 

4 . 5 . 3  Trcatmcnt  w i th  Plcthyl Iod ide  

Ssmplcs o f  I l l i n o i s  If6 were t r c a t e d  w i t h  methyl i o d i d e ,  CH,I, and t h e  
p roduc t s  were nnalyzcd u s i n g  two methods: 
I ; ~ i ~ i ~ ~ o v i c h  ( 9 )  f o r  t h i o l s  and a l i p h a t i c  s u l f i d e s ,  and u s i n g  ou r  thc rmok ine t i c  
iiicxtIw,l. 'l'lic rcsults of t h e  a n i ~ l y s i s  are d e s c r i b e d  i n  t a b l e  6 .  l'hc ~ e s u l t s  show 
t h a t  on ty  a ve ry  sinal1 f r a c t i o n  of t h e  o r g a n i c  s u l f u r  is indeed accoLnted f o r  by 
thc (:1131 method and t h c r c f o r e  t h e  va luc  o f  this method as an a n a l y t i c a l  t o o l  i s  
qiicst ionable .  

The method of Pos tovsk i  and Har- 

'l'he kinetograins o f  an u n t r e a t c d  but  demine ra l i zed  sample and t h a t  o f  a 
clemincr;ilizrd samplc t r e a t e d  wi th  CH31 a re  shown i n  f i g u r e  5 .  The d a t a  show 
t h a t  t h e  methyl i o d i d e  t r ca tmen t  r e s u l t s  i n  lower r ecove ry  o f  o r g a n i c  s u l f u r  
and in a changc i n  i t s  d i s t r i b u t i o n .  In  p a r t i c u l a r ,  some o f  t h e  s u l f u r  which 
i s  o r i g i n a l l y  d c t c c t e d  as a romat i c  t h i o l  i s  a p p a r e n t l y  a l k y l a t e d  and becomes 
aronrutic s u l f i d e .  Howcvcr, t h c  a l k y l a t i o n  must a l so  r educe  t h e  r a t e  of  mass 
t r ; inspor t  s i n c c  t h c  th iophenes  and a romat i c  s u l f i d e s  are no t  v i s i b l e  i n  t h e  
kinctogrnm o f  t h e  t r e a t e d  c o a l .  

5 .0  In ip l ica t ions  t o  Coal 1 ) c s u l f u r i z a t i o n  

It is  widcly r ccogn izcd  today t h a t  c o a l  d c s u l f u r i  z s t i o n  c f f i c i c n c y  depcnds 
on tlic d i s t r i b u t i o n  o f  s u l f u r  in  t l ic o r i g i n a l  coa l  t o  p y r i t i c  and o rgan ic  s u l f u r .  
Pyr i t ic .  s u l f u r  c a n  be removed r e l a t i v e l y  e a s i l y  wh i l e  it is  more d i f f i c u l t  t o  re- 
move o r g a n i c  S U I  f u r .  

I ' rc l i ininary d a t a  show t h a t  p a r t  o f  t h e  o r g a n i c  s u l f u r  can  hc c a s i l y  
des i r l fur ized .  I I I  p a r t i c u l a r ,  i t  secms t h a t  t h e  t h i o l i c  s u l f u r  and p a r t  o f  t h e  
s u l  f i d i c  s u l f u r  can be c: is i ly  rcmoved. The re fo re ,  t h e  a u t h o r s  sugges t  c o a l s  
may Ijc c l a s s i f i e d  i n t o  two groups: c o a l s  which can he e a s i l y  d e s u l f u r i z c d ,  (most 
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A o f  t h e i r  o r g a n i c  s u l f u r  i s  t h i o l i c )  and c o a l s  which can  not  be e a s i l y  d e s u l f u r i z e d  
(most s u l f u r  is n o r i - t h i o l i c )  . 'l'hus, thcrn iokine t ic  t e s t s  can be uscd t o  s c r e e n  
coals and t o  i n f e r  which a r c  b e s t  used a s  f e e d s  f o r  precombustion d e s u l f u r i z a t i o n .  
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Chemical S t r u c t u r e  o f  Heavy O i l s  Der ived f r o m  Coal Hydrogenation 
by Mass Spectroscopy 

S. Yokoyama, N .  Tsuzuki, T. Katoh, Y.  Sanada, 
D. M. Bod i l y *  and W. H. Wiser* 

Coal Research I n s t i t u t e ,  Facu l t y  o f  Engineering, 
Hokkaido Un ive rs i t y ,  Sapporo, 060, Japan 

*Department o f  Mining, Fuels Engineering, U n i v e r s i t y  o f  Utah, 
S a l t  Lake City, Utah 84112, U. S. A. 

I n t r o d u c t i o n  

Coal hydrogenat ion heavy o i l  cons i s t s  o f  numerous compl icated hydrocarbons 
and nonhydrocarbon compounds, consequently the  e l u c i d a t i o n  o f  t he  chemical 
s t r u c t u r e  i s  ext remely compl icated and t ime  consuming. Thus, the chemical s t ruc -  
t u r e  o f  coa l  l i q u i d s  have been i n v e s t i g a t e d  main ly  t o  the present  by means o f  
'H- and I 3 C - N M R  techniques o r  a combination thereof .  I n  o t h e r  words the techn i -  
que o f  mass spect rometry  f o r  s t r u c t u r a l  analyses i s  advantageous t o  ga in  i n f o r -  
mation o f  t h e  i n d i v i d u a l  compounds rega rd ing  molecular  weight  and compound types 
[1,2]. A combinat ion o f  dual-packed adso rp t i on  l i q u i d  chromatography (LC) and 
gel  permeation chromatography (GPC) developed by the  Bureau o f  Mines A P I  p r o j e c t  
60 [3] f o r  separa t i on  i n t o  compound types and f u r t h e r  i n t o  t h e i r  molecular  s i z e  
a r e  approp r ia te  t o  the sample p repara t i on  procedure f o r  mass analyses, because 
molecular ion coeff icient were assumed t o  be approximately the  same f o r  LC-GPC sub- 
f r a c t i o n  inasmuch as they have c h a r a c t e r i s t i c  compound types and narrow molecular  
weight  d i s t r i b u t i o n .  On t h e  o t h e r  hand, r e s u l t s  o f  GPC technique which i s  a 
very u s e f u l  method t o  c l a r i f y  complicated mixtures o f  heavy o i l  de r i ved  from 
coal ,  was compared t o  t h e  mass r e s u l t s .  I t  can be concluded t h a t  bo th  r e s u l t s  
from mass and GPC analyses should be used independently t o  e l u c i d a t e  the  chemical 
s t r u c t u r e  o f  coal  l i q u i d s .  

Experimental 

Sample p r e p a r a t i o n  o f  heavy o i l  
Hydrogenation r e a c t i o n  o f  Hiawatha, Utah coal  (C: 72.0, H: 5.6, N :  1.7, S: 

0.90, 0: 19.8, d .a. f .%) was performed w i t h  the  c o n d i t i o n  o f  950'F o f  r e a c t i o n  
temperature and 1800 p s i  o f  hydrogen pressure w i t h  ZnC12 impregnated t o  coal as 
c a t a l y s t  by an en t ra ined - f l ow  t u b u l a r  c o i l  r e a c t o r  o f  t h e  U n i v e r s i t y  o f  Utah 
process [4]. The r e a c t i o n  products were t rapped i n  th ree  r e s e r v o i r s  connected 
t o  the r e a c t o r  i n  s e r i e s  and was separated accord ing t o  t h e i r  condensab i l i t y .  
Heavy o i l  products  c o l l e c t e d  i n  the  f i r s t  r e s e r v o i r  nea res t  t o  the r e a c t e r  was 
subjected t o  i n v e s t i g a t i o n  i n  t h i s  work. Separat ion procedures t o  c h a r a c t e r i s t i c  
ma te r ia l s  p r i o r  t o  ga in ing  acid-base-less n e u t r a l  compounds were descr ibed i n  our  
prev ious r e p o r t s  [SI and a l s o  shown i n  F ig.  1. Neu t ra l  heavy o i l  obta ined was 
separated subsequently i n t o  compound types o f  sa tu ra ted  hydrocarbons (Fr-P), mono- 
aromatic (Fr-M), d ia romat i c  (Fr-D), t h ree  and more l a r g e  aromat ic  r i n g s  (Fr-T)  
and po lya romat i c -po la r  compounds by means o f  dual-packed s i l i c a  alumina adsorp- 
t i o n  l i q u i d  chromatography mod i f i ed  p a r t i a l l y  the Bureau o f  Mines API-63 method, 
w i t h  an a d d i t i o n a l  s o l v e n t  o f  70% benzene-30% cyclohexane system t o  o b t a i n  sepa- 
r a t e l y  a narrow c u t  o f  concentrate o f  3 and 4 aromatic r i n g  compounds. E l u t i o n  
curve o f  l i q u i d  chromatography are shown i n  F ig .  2. 
Fr-M, D and T were separated f u r t h e r  by GPC packed Bio-beads 3 4 4  and 8 according 
t o  t h e i r  r e s p e c t i v e  molecular  s i z e  i n t o  7 f r a c t i o n s .  
f o r  Fr-M, D and T were shown. 

of each s e r i e s  o f  GPC s u b f r a c t i o n  f o r  Fr-M, D and T were analyzed w i t h  t h e  low 
r e s o l u t i o n  and low i o n i z a t i o n  vo l tage  method by GC-MS technique f o r  Fr-M-3 t o  7 
and Fr-8-3 t o  7 and by d i r e c t  i n s e r t  technique f o r  h igh  mo lecu la r  f r a c t i o n  o f  

Respective t ype  compounds 

I n  F ig.  3, GPC e l u t i o n  curves 

Mass spec t ra  were meas'ured by H i  t a c h i  M-52 GC-MS spectrometer. Mass spect ra 
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Fr-14-1, 2, Fr-D-1, 2 and Fr-T-1 t o  7, r e s p e c t i v e l y .  

Mass spectrometry was scanned r e p e a t l y  w i t h  6 o r  10 sec. i n t e r v a l  t imes du r -  
i n g  the pe r iod  o f  e l u t i o n  from GC column o r  v o l a t i l i z a t i o n  o f  samples i n t roduced  
i n t o  the  i o n i z a t i o n  chamber and m u l t i p l e  mass spec t ra  o f  about 50 t o  BOO f o r  
respec t i ve  LC-GPC s u b f r a c t i o n  were measured t o  o b t a i n  the rep resen ta t i ve  gross 
mass spec t ra l  data f o r  compl icated mixtures.  Numerous mass spec t ra  were t r e a t e d  
by computer (H i tach i ,  HITAC 10 11) f o r  t h e  summing up o f  these spec t ra  t o  ca lcu-  
l a t e  them as an i n t e g r a t e d  mass spect ra.  

Resul ts  and Discuss ion 

Each s e r i e s  o f  LC-GPC sub f rac t i ons  were i n v e s t i g a t e d  p rev ious l y  f o r  chemical 
c h a r a c t e r i z a t i o n  by 'H- and 13C-NMR method [6,7] and were e l u c i d a t e d  t o  have 
approx imat ly  mono-, d i -  and tri- and/or  te t raa romat i c  d e r i v a t i v e s  f o r  Fr-M,  D and 
T, respec t i ve l y ,  as the  average s t r u c t u r a l  u n i t .  I t  was a l s o  conf i rmed t h a t  
values o f  a r o m a t i c i t y  f o r  GPC sub f rac t i ons  o f  i n d i v i d u a l  compound types i nc rease  
g radua l l y  w i t h  the i nc reas ing  GPC f r a c t i o n  number from 1 t o  7 and have a l s o  t h e  
l a r g e s t  f a  values f o r  F r - T  and t h e  smb l les t  one f o r  Fr-M a t  t h e  same e l u t i o n  volume 
c f  GPC. From t h e  r e s u l t s  descr ibed above, t he  separa t i on  e f fec ts  o f  LC and GPC 
accord ing t o  compound types and molecular  s i z e  were assumed t o  be e x c e l l e n t .  
Consider ing these c h a r a c t e r i s t i c s  f o r  chemical s t r u c t u r e ,  LC-GPC s u b f r a c t i o n  a r e  
found t o  be s u i t a b l e  as samples f o r  mass analyses because t h e  molecular  i o n  coe f -  
f i c i e n t  i s  n o t  so l a r g e  i n  d i f f e r e n c e  among r e s p e c t i v e  compounds i n  the  same 
f r a c t i o n .  

I n t e g r a l  mass spect ra o f  LC-GPC s u b f r a c t i o n  
On the  measurement o f  mass spect ra by means o f  t h e  low energy i o n i z a t i o n  

method, species o f  i o n  peaks observed were most ly  pa ren t  i o n  and i s o t o p i c  i o n  
(P+l )  and were minor f o r  fragment peaks l i k e  ( P - l ) ,  i n d i c a t i n g  t h a t  t he  cleavege 
o f  molecules a r e  minor. Although, Fr-D-1 and Fr-T-1 which a re  t h e  h i g h e s t  mo- 
l e c u l a r  weight  i n  t h a t  they have l a r g e  a l i p h a t i c  s u b s t i t u t i o n ,  were observed i n  
the  predominant fragment peak o f  odd mass number a t  l ower  mass range, t h e r e f o r e  
the  data o f  these f r a c t i o n s  were n o t  inc luded i n  t h i s  r e p o r t .  On the  i n t e g r a l  
mass spect ra o f  se r ies  o f  LC-GPC sub f rac t i on ,  the average number molecular  we igh t  
were c a l c u l a t e d  from the  mass t o  charge r a t i o s  (M/e) f o r  respec t i ve  pa ren t  peaks 
and those i n t e n s i t i e s ,  and a r e  shown i n  F ig .  4. 
o f  GPC f o r  each compound type se r ies ,  the molecular  we igh t  d imin ishes progress ive-  
l y  from about 400 o r  500 t o  230 i n  p rov ing  the  s a t i s f a c t o r y  f r a c t i o n a t i o n  o f  GPC. 
I n  Fig. 4, molecular  weight  r e s u l t s  de r i ved  f rom vapor pressure osmometry were 
compared w i t h  the  r e s u l t s  o f  mass analyses t o  ensure t h e  accuracy o f  convent ional  
methods. 
f rom the t h e o r e t i c a l  l i n e  w i t h  t h e  increase i n  molecular  weight .  

Compound types o f  LC-GPC s u b f r a c t i o n  

t ype  o f  compound by ass ign ing  t h e  va lue of z number. 
c o e f f i c i e n t s  a re  approx imate ly  s i m i l a r ,  t h e  contents  o f  respec t i ve  t ype  compound 
f o r  GPC f r a c t i o n  1 o r  2 t o  7 o f  Fr-M, D and T were est imated s e m i q u a n t i t a t i v e l y .  
Consequently, hydrocarbon tyeps f o r  Fr-M-1 t o  7 were assigned ma in l y  t o  a l k y l -  
benzenes (2=-6) ,  a1 kylmononaphthenobenzenes (Z=-B) and a1 k y l  dinaphthenobenzenes 
(Z=-lO) and f o r  Fr-D-2 t o  7 t o  a1 kylnaphthalenes (2=-12), a1 kylmonomaphthenonaphth- 
lenes (Z=-14) and alkyldinaphthenonaphthalenes (Z=-16) and f o r  Fr-T-2 t o  7 t o  a l k y l -  
phenanthrene o r  a1 ky lanthracene (Z=-18), a l ky lpy rene  (Z=-22), a l ky l c rysene  (Z=-24) 
and these naphthenologs (2=-20, -26). D i s t r i b u t i o n  o f  var ious compound types f o r  
Fr-M, D and T i n  summing the  contents  o f  respec t i ve  GPC sub f rac t i on  1 t o  7 were 
shown i n  F ig .  5. 

A l k y l  carbon d i s t r i b u t i o n  

f r a c t i o n  were se lec ted  t o  o b t a i n  the d i s t r i b u t i o n  o f  a l k y l  carbon i n  r e s p e c t i v e  
hydrocarbon types. I n  F ig .  6, t h e  con ten t  d i s t r i b u t i o n  o f  mo lecu la r  we igh t  o r  
a l k y l  carbon number on the  same Z values were p l o t t e d  f o r  Fr-M, D and T se r ies .  

By i nc reas ing  t h e  f r a c t i o n  numbers 

The c o r r e l a t i o n  between both a r e  e x c e l l e n t  except f o r  a s l i g h t  d e v i a t i o n  

De f i c iency  o f  hydrogen number f o r  M/e o f  pa ren t  peak can be p red ic ted  t h e  
Assuming t h a t  molecular  i o n  

The same 2 values i n  the  i n t e g r a t e d  mass spect ra f o r  i n d i v i d u a l  LC-GPC sub- 



These ranges of a lkyl  carbon numbers move progressively from low to  higher ones 
w i t h  5 t o  10 carbon extents i n  proceeding to GPC f rac t ion  7 t o  1 fo r  respective 
hydrocarbon types. Therefore, separabi l i ty  of GPC f o r  various hydrocarbon types 

be seen tha t  Fr-M cons is t s  of la rger  alkyl carbon subs t i tu t ion  which reaches 35 
carbons fo r  Z=-6 s e r i e s ,  indicating a lower aromaticity and decreasing of Z values 
which indicates an increase of naphthene r ing ,  d i s t r ibu t ion  of alkyl carbon de- 
crease. On the o the r  hand, alkyl carbon number of Fr-T have a range of 0 t o  10 
indicating a lower aromaticity which i s  i n  agreement w i t h  the r e su l t s  from ' H - N M R  
s t ruc tura l  analyses. 

GPC correlation f o r  molecular weight vs e lu t ion  volume 
To predict  the molecular weight d i s t r ibu t ion  and chemical s t ruc ture  from 

the GPC elution curve, the GPC correlation curve between molecular weight and 
elution volume fo r  corresponding s t ruc tura l  compounds a re  necessary. However, 
i t  was very d i f f i c u l t  t o  gain information of these re la t ions  because the supply 
of reference sample were l imited.  I f  the coal l iqu id  i t s e l f  can be used a s  a 
reference compound fo r  ca l ibra t ion ,  useful GPC cor re la t ion  of various compound type 
can be obtained. 
carbon number fo r  each GPC f rac t ion  on respective Z s e r i e s  shown in F i g .  6 were 
compared with e lu t ion  volume f o r  corresponding f rac t ion .  
the two were shown in Fig. 7 .  The re la t ionship  between the two fo r  respective 
Z values on Fr-M, D and T a r e  in f a i r  as GPC correlations.  

I 

I 

! 
I 

was confirmed fur ther  by mass analyses as to be divided sa t i s f ac to r i ly  according 
to  molecular sized espec ia l ly  by alkyl carbon number on these samples. I t  can 

/ 

Molecular weight a t  maximum dis t r ibu t ion  by difference of alkyl 

The cor re la t ion  between 

Molecular weight d i s t r ibu t ion  f o r  whole samples of Fr-M, D and T were con- 
structed by summation of peak in t ens i t i e s  fo r  parent peak belonging t o  the same 
Z se r ies  corresponding t o  a l l  GPC f rac t ions ,  and were shown with the so l id  l ines  
in Fig. 8.  On the o ther  hand, GPC e lu t ion  curves fo r  Fr-M, D and T were c i ted  
again in the same f igure  fo r  comparison. T h e  resu l t s  from mass analyses fo r  Fr- 
D and T do not include the data of Fr-D-1 and Fr-T-1 because of uncertain resu l t s  
of mass analyses f o r  these as described previously, therefor a s l i g h t  discrepancy 
were recJgnized i n  the v i c in i ty  of high molecular range. Although, considerable 
agreement between both derived from d i f f e ren t  methods a re  sa t i s fac tory .  
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Fig.  3 GPC chromatogram o f  Fr-M, 
Fr-D, Fr-T and Fr-PP 

Fig. 4 Molecular  weight  r e s u l t s  from 
VPO and Mass spect rometry  

-2 

Fig .  5 D i s t r i b u t i o n  o f  hydrocarbon type compounds for 
LC-GPC s u b f r a c t i o n s  
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F i g .  7 Relationship between molecular 
weight and elution volume f o r  
various type o f  compound 

Fig. 8 Comparison w i t h  molecular 
weight d i s t r ibu t ion  and 
GPC e lu t ion  curves 
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STRUCTURAL ANALYSIS OF QUINOLINE EXTRACTS AND HYDROLYSIS 
PRODUCTS OF COALS 

Koji Ouchi, Kazuyuki Iwata, Masataka Makabe, Hironori Itoh 

Faculty of Engineering, Hokkaido University, Kita 13, Nishi 8, 
Sapporo,Japn.060. 

The mean structure of coals has been extensively investigated 
by X-ray,magnetic susceptibility,gases evolved during carboniza- 
tion,IR spectra etc.,and the structural analysis was first deve- 
loped by van Krevelen(1)using density and refractive index. Among 
these the method which gives the most precise image appears to be 
NMR method. However this method is limited in that it can be app- 
lied only to soluble material by special solvents. Usually coals 
can be dissolved only in part,therefore the results do not repre- 
sent the wholecoal. 

Thus in the present work we tried to increase the solubility 
of coals using chemical reaction or strong solvent(quinoline), 
which would have the smallest change in the unit structure(c1us- 
ter unit). The results of structural analysis of the products 
with these two methods are in good agreement,although both methods 
and their yield are quite different. This means that the structu- 
ral image obtained here represents the true mean structure of 
coals. 

Experiments 

1)Coal sample. Vitrinits of 1 2  coal samples were concentrated 
using the sink and float method. Their analytical values are 
shown in Table 1. 

2)Quinoline extraction. 5g of crushed coal under 100 Tyler mesh 
and lOOg of purified quinoline were placed in a 500ml autoclave 
with a magnetic stirrer and after replacing the atmosphere by 
nitrogen this was heated at 350-380'C for 1-4hours. After cooling 
the products were centrifuged and filtered. The residue was 
washed with fresh quinoline and methanol. The filtrate was conce- 
ntrated under vacuum and poured into 500ml of 2 N  HCl,filtered, 
washed with hot and cold water and dried. 

3)NaOH-alcohol reaction(2). 5g of coa1,Sg of sodium hydroxide 
and 50g of ethyl alcohol were placed in an autoclave of 230ml 
with a magnetic stirrer and,after replacing the atmosphere by 
nitrogen,this was heated at 3OOOC or 35OoC for 1 hour. After 
neutralizing with HC1 the precipitate was centrifuged,filtered 
and dried. The product was then extracted with pyridine by shak- 
ing for 10 hours at room temperature. 

4)'H-NMR. 'H-NMR was recorded in d-quinoline for quinoline extrac- 
ts and in d-pyridine for pyridine extractsof NaOH-alcohol reaction 
products,using TMS as an internal standard. The concentration was 
5 %  for d-quinoline and 2 %  for d-pyridine. 

Results and Discussion 

First the extraction conditions were examined using Indian 
Ridge coal and Balmer coal. The results are shown in Table 2 .  
The effect of temperature from 350 to 375'C,of time from 1 hour 



t o  6 hours  and o f  n i t r o g e n  p r e s s u r e  from 0 . 1  MPa t o  1 0  MPa were 
examined. The r e s u l t s  were i n  an e r r o r  range  and we adopted a 
r a t h e r  h i g h e r  tempera ture  f o r  o l d e r  c o a l s .  

The e x t r a c t i o n  o r  r e a c t i o n  c o n d i t i o n , e x t r a c t i o n  y i e l d , u l t i m a t e  
a n a l y s i s  o f  e x t r a c t s  and t h e i r  molecular  weight  a r e  shown i n  Table 
3 .  Quinol ine  e x t r a c t i o n  y i e l d  a t t a i n s  maxima i n  a range  o f  81-87 
%C,but t h e r e  i s  some s c a t t e r i n g  of  r e s u l t s  even w i t h  t h e  same c a -  
rbon p e r c e n t .  I f  we p l o t  t h e  e x t r a c t i o n  y i e l d  v s % o f  raw c o a l s  
a l i n e a r  r e l a t i o n s h i p  was seen  i n  a range of  91.5-81.2%C(Fig 1 ) .  
In  younger c o a l s  i t  d e c r e a s e s  l i n e a r l y .  Teshio  c o a l  has  an e x t r a -  
c t i o n  y i e l d  of 2 0 . 4 % , b u t  a f t e r  h y d r o l y s i s  w i t h  NaOH s o l u t i o n  (5N) 
a t  250°C f o r  6 h o u r s , t h e  e x t r a c t i o n  y i e l d  i n c r e a s e ;  t o  35 .9%.  
Therefore  t h e  e t h e r . l i n k a g e s  appear  t o  be a c a u s e  of  t h e  decrease  
of e x t r a c t i o n  y i e l d  i n  t h e  younger c o a l  r a n g e .  I n  t h e  h y d r o l y s i s  
r e a c t i o n  a s s o c i a t e d  w i t h  p a r t i a l  hydrogenat ion  u s i n g  NaOH-alcohol 
t h e  younger t h e  c o a l s  a r e , t h e  e a s i e r  t h e  p r o d u c t s  d i s s o l v e  i n  
a l c o h o l .  This  a l s o  means t h a t  t h e  younger c o a l s  have an abundance 
of  e t h e r  l i n k a g e s .  

The carbon p e r c e n t  o f  e x t r a c t s  i n  t h e  younger c o a l  range  i n c -  
r e a s e s  i n  comparison w i t h  t h a t  o f  raw c o a l s .  The q u i n o l i n e  e x t r a c -  
t i o n  o f  NaOH-alcohol r e a c t i o n  c o n d i t i o n s  a r e  somewhat s e v e r e  f o r  
t h e  younger c o a l s  and some oxygen c o n t a i n i n g  f u n c t i o n a l  groups 
such a s  carboxyl  o r  hydroxyl  groups decompose a t  t h o s e  temperatu-  
res ,which  r e s u l t s  i n  a r e d u c t i o n  o f  oxygen c o n t e n t .  I n  t h e  h igher  
coa l  rank t h e  a n a l y t i c a l  v a l u e s  of  e x t r a c t s  a r e n e a r l y t h e  same a s  
t h o s e  of  t h e  raw c o a l s , a l t h o u g h  t h e  e x t r a c t i o n  y i e l d  i s  h i g h e r ,  
which means t h a t  t h e r e  i s  no change i n  t h i e r  s t r u c t u r e  except  f o r  
some s p l i t t i n g s  of  e t h e r  l i n k a g e s  and a s l i g h t  s a t u r a t i o n  of a r o -  
mat ic  r i n g s  which took  p l a c e  i n  t h e  r e a c t i o n  of NaOH-alcohol(3). 
In  s h o r t , t h e  u n i t  s t r u c t u r e ( o r  s t r u c t u r e  of  c l u s t e r  u n i t ) i n  t h e  
raw c o a l s  may be p r e s e r v e d  w i t h o u t  change i n  t h e  q u i n o l i n e  e x t r a -  
c ts  o r  i n  t h e  p y r i d i n e  e x t r a c t s  of  NaOH-alcohol except  f o r  some 
changes of f u n c t i o n a l  groups i n  t h e  younger rank  c o a l s .  

The r e s u l t s  o f  t h e  s t r u c t u r a l  a n a l y s i s  a r e  shown i n  Table  4 .  
I n  bi tuminous c o a l s  i n  which t h e  e x t r a c t i o n  y i e l d  of  both methods 
i s  n e a r l y  1 0 0 $ , t h e  r e s u l t s  show an amazing c o i n c i d e n c e  i n  both 
methods except  f o r  s l i g h t l y  h i g h e r  v a l u e s  f o r  f a , b a l , C a l u s , a l t h -  
ough t h e  methods a r e  comple te ly  d i f f e r e n t .  The h i g h e r  v a l u e s  f o r  
t h e s e  i n d i c e s  come from a s l i g h t  hydrogenat ion  i n  t h e  NaOH-alcohol 
r e a c t i o n .  In  t h e  younger rank o f  c o a l  t h e  d i f f e r e n c e  is somewhat 
h i g h e r , b u t  i n  s p i t e  of  t h i s  t h e  co inc idence  i s  s u f f i c i e n t  t o  d i s -  
cuss  t h e  rough u n i t  s t r u c t u r e , a l t h o u g h  t h e  e x t r a c t i o n  y i e l d  and 
method a r e  q u i t e  d i f f e r e n t .  T h i s  smal l  d i f f e r e n c e  comes p a r t l y  
from t h e  d i f f e r e n c e  of e x t r a c t i o n  y i e l d  and p a r t l y  from t h e  s l i -  
ght  hydrogenat ion  o f  c o a l  i n  NaOH-alcohol react ion.When we pursue 
t h e  change of s t r u c t u r a l  i n d i c e s  w i t h  t ime a t  26OoC f o r  Taiheiyo 
c o a l  i n  NaOH-alcohol r e a c t i o n  f a  changes from 0 . 7  a t  1 hour t o  
0 . 5  a t  22hours. The e x t r a p o l a t e d  v a l u e  of  f a  f o r  0 hour  a lmost  
corresponds t o  t h a t  of t h e  q u i n o l i n e  e x t r a c t .  The e x t r a p o l a t e d  
va lue  o f  Ra i s  1 . 4  which a l s o  c o i n c i d e s  w e l l  wi th  1 . 5  o f  quino-  
l i n e  e x t r a c t .  A l l  o t h e r  i n d i c e s  show t h e  same c o i n c i d e n c e .  We have 
shown t h e s e  e x t r a p o l a t e d  v a l u e s  i n  Table  4 .  

The r e s u l t s  show t h a t  t h e  a r o m a t i c  r i n g  number of  t h e  younger 
c o a l s  i s  1-2  wi thU.5naphthenic  r i n g , t h a t  of  80-85%C c o a l  2-3 with 
0 . 5  naphthene r i n g  and t h a t  o f  9O%C coal .  5 w i t h  l n a p h t h e n e  
r i n g .  The molecular  weight  p e r  u n i t  s t r u c t u r e  of younger c o a l s  i s  
160-180, that  o f  80-85%C c o a l  200-300 and t h a t  of 9 O % C  c o a l  320- 
340.0xygen c o n t e n t  p e r  u n i t  s t r u c t u r e  d e c r e a s e s  from younger c o a l s  
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to the older coals,but as described before those values in young- 
er coals do not represent the true ones. If we take the analytical 
values of raw coals,we can obtain the corrected oxygen number per 
unit structure,as shown in Table 4. 

Refering to the fact that the ether linkages are rich in young- 
er coals,we can say that the unit structures consisting of ben- 
zene or naphthalene rings with 0.5 naphthenic ring are linked 
mainly by the ether linkages and methylene bonds in younger coals. 
In bituminous coals the unit structure consisting of 2-5 aromatic 
rings and about 1 naphthene rings are linked with each other most- 
ly by the methylene bonds. The youngest coal has 2.5-2.8 oxygen 
atoms per unit structure.The bituminous coals have about 1 oxygen 
atom per unit structure and the highest rank of coal has 0.3. 

Append i x 

Structural analysis. 
types.Aromatic hydrogen Ha:6-9ppm,hydrogen attachingdcarbon HCL: 
L-Sppm,hydrogen attaching overp carbon except for terminal methyl 
t$e:l.l-2ppm,hydrogen in terminal methyl,Ha:0.3-1.lppm. First 60% 
oxygen is assumed to be the hydroxyl group and the hydrogen in 
this hydroxyl group was subtracted from the total hydrogen. The 
residual hydrogen was distributed in the above four types. 

tions when the molecular weight was not known. 

Hydrogen was divided into the following four. 

The structural indices was calculated from the following equa- 

C/M- 1/ 2 . (lHo~+ IHn ) / IH - 1/ 3. (IHr / IH ) 
C/IH aromaticity,fa= 

M/C ratio in hypothetical unsubstituted aromatics, 

1 / 2 . ( M o c / M ) + 0 . 6 ( D / M + 2 . ( 0 . 4 ( 1 3 + ~ ) / M  degree of substitution,b= IHa IH+l 2. Ma +0.6(DIH+ 2. (0.40+N) /M 

(314) 

(4) 5)  

number of aromatic carbon per unit structure,Caus= lHaus cCaus ) -1 /2 

degree of aliphatic substitution, 
1/2. (MOL/ M 1 

Ha/ IH + 1/ 2 (IH&/ IH ) + 0.60/IH+ 2 . ( 0.40+ N ) / IH V a l = ,  

3 

(6)(5)6) 
number of total carbon per unit structure Cus=Caus/fa 

number of aliphatic carbon per unit structure,Calus=Cus-Caus (7) 

number of hydrogen per unit structure,lHus=12Cus-H%/C% ( 8 )  

! total ring number per unit structure,Rtus=Cus-IHus/Z-Caus/2 (9) 
I 

aromatic ring number per unit structure,Raus=l/Z-(Caus-Maus)+l, 
(IHaus= (IHaus/Caus) 4aus) (10) 7, 
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naphthenic ring number per unit structure,Rnus=Rtus-Raus (11) 

molecular weight per unit structure,Mol.WT.us=lZtus/C% (12) 

(5),is only valid for cata condensed aromatic nuclei. (9) is app- 
roximately valid when the degree of polymerization is large. 

used when the molecular weight was known. In this case (9) was 
calculated as follows. 

degree of polymerization n=(C/(Cus((C is the total number of carbon 

The absolute values of  the number of each type of atoms were 

per molecule) (13 )  

total number of  aromatic carbon per molecule,Ca=(Caus-n (14) 

total ring number per m o l e c u l e , R t = ( C - I H / 2 + 1 - ( C a / 2 , ( M i s  total number 
of hydrogen per molecule) 

(15)1) 
total ring number per unit structure,Rtus=Rt/n. (16) 

(Reference) 
l)J.Schuyer,D.W.van Krevelen,"Coal Science",Elsevier Pub.Co., 

Z)M.Makabe,Y.Hirano,K.Ouchi,Fue1,57,289(1978) 
3)M.Makabe,K.Ouchi,Fuel Proc.Techzn press. 
4)Modification of equation o f  J.K.Brown,W.R.Ladner,Fue1,2,87 

5)Modification of equation o f  Y.Maekawa,K.Shimokawa,T.Ishii, 
G.Takeya,Nenryo Kyokaishi(J.Fue1 Soc.Japan),46,927(1967) 

6) S ,  Yokoyama, N. Onishi, G . Takeya , J . Chem, SOC . Jpanxhem. andInd. Chem. 
10,1963(1975) 

7)~R.Clutter,L.Petrakis,R.L.Stenger,R.K.Jensen,Anal, Chem.%,1395 
(1972). 

Amsterdam(l957) 

(1960) 

Fig 1. Relation o f  quinoline extraction 
yield vs. ! i / C  of raw coals. 
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4 
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6 
7 
8 
9 
10 
11 

- 
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7.0 71.5 

*s+o Table 1. Analysis of sample coals. 

5.3 
3.9 
2.8 
8.9 
2.4 

Name 

77.9 
81.2 
83.6 
83.9 
84.0 

Teshio 
Taiheiyo 
Akabira 
Basewater 
Miike 
Daiyon 
New Yubari 
Indian Ridge 
Goonyella 
Balmer 
Beatrice 
Hongei 

Coal 
Temperature OC 

Time hrs 
Pressure MPa 
Extraction yield % 

Indian Ridge Balmer 
350 360 370 375 380 380 
4 6 1 1 4 4 
5 0.1 10 0.1 1 10 

63.0 64.0 61.5 68.0 51.9 50.0 

87.9 
89.4 

93.4 

6.3 1.1 
6.0 1.7 
5.6 I 1.7 
6.3 1.2 
5.8 1 2.0 
6.2 1.1 

5.4 1.9 
5.3 I 0.9 

5.0 t 1.4 

% 

S 

0.2 

0.7 
2.1 
0.8 

0.6 
0.4 
0.6 
0.3 

Odiff 

11.1" 

6.0* 
6.4* 

1.9 
1.5 

Table 3. Extraction o r  reaction condition, yield,ultimate 
analysis and molecular weight of extracts. 

t ion1 

N 

N 

'emp e r a 
:ure°C 
350 
300 
350 
300 
350 
300 
350 
350 
350 
350 
350 
375 
350 
350 
380 
370 
350 

- 
Time 
hr 

4 
1 
4 
1 
1 
1 
4 
4 
4 
4 
1 
1 
1 
4 
4 
4 
4 - 

Yield 

35.92 
97.83 
44.9 
98. l3 
93.8 
96.g3 
69.0 
100.0 
81.0 
97.8 
91.13 
68.0 
52.43 
93.0 
51.9 
41.6 
1.3 

ult: 
c 

83.0 
78.4 
82.9 
80.8 
81.8 
82.6 
83.6 
84.5 
82.7 
85.8 
86.8 
87.2 
86.9 
86.7 
88.1 
88.8 

ate t 
H 

6.2 
7.8 
7.0 
8.1 
5.7 
7.2 
5.5 
6.2 
5.8 
5.7 
6.4 
5.2 
6.5 
5.2 
5.0 
4.9 

- 
alysl 
N 

3.6 
1.6 
2.1 
1.3 
2.4 
1.9 
2.2 
1.4 
2.9 
1.4 
1.7 
1.4 
1.3 
3.8 
2.4 
1.7 

- 
% 

Odiff 
7.2 
12.2 
8.0 
9.8 
10.1 
8.3 
8.7 
7.9 
8.6 
7.1 
5.1 
6.2 
5.3 
4.3 
4.5 
4.6 

1)Q:quinoline extraction, N:NaOH-alcohol reaction,pyridine 

iGGGF- 
ar ieiezht 

7 5.5 

870 

890 

1160 

905 

extracts. 
2)Hydrolysis product with NaOH solution at 20O0C,6hrs. 
3)Pyridine extraction yield of NaOH-alcohol reaction products, 
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T a b l e  4 .  Results of s t r u c t u r a l  a n a l y s i s  
- 

5 

0 . 3 7  
0 . 3 2  
0 . 2 5  
0 . 0 6  
0 . 7 5  
0 . 7 5  
0 . 4 6  
0 . 2 3  
1 6 . 0  
1 2 . 0  

4 . 0  
3 .1  
2 . 5  
0 . 6  
227  
1.1 

Q React ion * 
0 . 0 6  
0 . 7 1  
0 . 8 8  

Hb% 0 . 2 7  
HT% 1 0 . 7 5  0 . 0 6  
f a  

Haus / (Caus  0 . 8 2  

0 . 1 0  
0 . 5 2  
0 . 9 7  

0- 
p a l  
cus 
t aus  
t a l u s  
Rtus 
Raus 
Rnus  

Mol.Wtus3 
O U S ~  
Ous '4)  

No 
Reaction 

H a %  
HD( % 

H 8  % 
H/3 % 

f a  
Haus/ (Caus 

v- 
cr a1 

Cus 
Caus 
C a l u s  
Rtus 
Raus 
Rnus  

uo 1. Wtus 2: 
oUs3) 
o U s ' 4 )  

0 . 4 7  
0 . 2 0  
1 2 . 5  

9 . 4  
3 .1  
2 . 3  
1 . 8  
0 . 5  
1 8 1  
0 . 8  
2 . 8  

- 
6 
0 
0 . 3 9  
0 . 2 9  
0 . 2 5  
0 . 0 6  
0 . 7 7  
0 . 7 6  
0 . 4 8  
0 . 2 0  
1 5 . 0  
1 1 . 5  

3 . 5  
5 . 0  
2 . 4  
0 . 6  
2 1 8  
1 . 2  

0 . 2 0  
11.1 

7 . 9  

- 
- 

N 
0 . 1 1  
0 . 3 6  
0 . 4 1  
0 . 1 2  
0 . 5 3  
1 . 0 0  
0 . 7 7  
0 . 3 9  
1 1 . 5  

6 . 0  
5 . 5  
1 . 9  
1.1 
0 . 9  
1 7 6  
1 . 4  
2 . 5  

- 

- 
- 

0 . 4 0  
1 2 . 3  

6 . 4  

0 
0 . 3 9  
0 . 2 8  
0 . 2 5  
0 . 0 8  
0 . 8 0  
0 . 6 6  
0 . 4 3  
0 . 2 0  
2 3 . 4  
18 .8  

4 . 6  
4 . 8  
4 . 2  
0 . 6  
3 2 8  
1 . 5  
- 

0 . 3 4  
1 2 . 4  

7 . 7  
4 . 6  
2 . 3  
1 . 4  
0 . 8  

0 . 3 2 1  0 . 4 1  

0 . 1 7  
1 3 . 1  
1 0 . 7  

2 . 4  
2 . 5  
2 . 2  
0 . 4  

0 . 2 6  
0 . 2 9  
0 . 2 7  

0 . 4 3 1  0 . 6 5  

0 . 5 2  
0 . 2 6  
0 . 1 6  

0 . 6 7  
0 . 5 3  
0 . 3 3  
2 5 . 7  
1 7 . 6  

7 . 7  
5 . 7  
4 . 0  
1 . 8  

3 5 6  

3 . 2 1  5 . 9  

0 . 6 5  
0 . 3 5  
0 . 1 6  
2 3 . 8  
2 0 . 0  

3 . 8  
5 . 3  
4 . 5  
0 . 8  

3 2 8  

;::I ::; 
0 . 1  0 . 8  

3 . 7  
0 . 9  

2 7 9  

1 6 1 1  1 8 3  

4 1 9  
1 . 0  
3 4 0  

I 

- N'5: 

0 . 7 0  
0 . 9 0  
0 . 4 5  
0 . 1 7  
1 1 . 5  

8 . 0  
3 . 4  
1 . 8  
1 . 4  
0 . 4  
181 
2 . 0  

- 

0 .11  0 . 0 5  
0 . 7 0  I 0 . 8 4  

- 
N 

1 . 2 8  
1 . 3 6  
1 . 2 7  
I .  09  
1 . 7 0  
1 .69  
1 . 4 5  
1 . 3 2  
! 2 . 2  
1 5 . 8  
6 . 6  
4 . 9  
3 . 4  
1 . 5  
3 0 7  
1 . 0  

- 

- 

1 
0 . 4 3  
0 . 3 4  
0 .16  
0 . 0 8  
0 . 7 9  
0 . 8 1  
0 . 4 8  
0 . 2 0  
1 2 . 3  

9 . 7  
2 . 6  
2 . 3  
1 . 9  
0 . 4  
1 8 0  
1.1 

0 . 1  0 . 4  - I  - 

- 
11 

0 . 6 3  
0 . 2 4  
0 . 0 9  
0 . 0 4  
0 . 8 9  
0 . 6 4  
0 . 2 9  
0 . 1 4  
2 4 . 1  
2 1 . 4  

2 . 7  
5 . 4  
4 , 9  
0 . 5  
326 
0 . 3  

- 
0 

1 ) Q : q u i n o l i n e  e x t r a c t i o n  

2 ) M o l e c u l a r  w e i g h t  p e r  u n i t  s t r u c t u r e  
3)Number  o f  ( o x y g e n  a t o m )  d i f f .  p e r  u n i t  s t r u c t u r e  
4 ) C o r r e c t e d  number o f  ( o x y g e n  a t o m ) d i f f .  per u n i t  s t r u c t u r e  
5 ) E x t r a p o l a t e d  va lues  t o  0 h o u r  i n  t h e  time v a r i a t i o n  

N : N a O H - a l c o h o l  r e a c t i o n  

r e a c t i o n  a t  260°C.  

J 
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Chemical Structures and Reactivit ies of Coal 

as  an Organic Natural Product 

Clair  J. Collins, Hans-Peter Hombach, Ben M .  Benjamin 

W .  H. Roark, Brian Maxwell, and Vernon F. Raaen (1)  

Contribution from the Chemistry Division 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

A. The Role of Tetralin i n  the  Pott-Broche Process 

n i t e s  a re  be t te r  hydrogen donors than t e t r a l i n ,  a donor which has Fee, employe!, 
since i ts  use in the Pott-Broche process ( 3 ) ,  as the coal chemists The 
be t t e r  hydro en donating a b i l i t i e s  of these various coals were tested toward several 
reactions (43, b u t  t h a t  used a s  the  model was the  reduction, i n  a closed tube a t  
400°, of benzophenone t o  diphenylmethane: 

I t  has recently been demonstrated ( 2 )  tha t  several bituminous coals and l i g -  

"standard. 

400° Ph2C=0 + coal __f Ph2CH2 + H z O  

These resu l t s  naturally r a i s e  the question of the  ro le  of t e t r a l i n ,  o r  of the  recycle 
o i l  used in i t s  place, during many o f  the  solvent-refined coal processes - particu- 
l a r l y  since the so l id  product o f  such processes often contains no more hydrogen than 
the original coal (5) .  Neavel ( 6 )  examined the l iquefaction of coal i n  t e t r a l i n  and 
other solvents, u s i n g  kinetic techniques, and found tha t  donor and nondonor solvents 
appear t o  be equally capable i n  dispersing the coal a f t e r  5 minutes a t  temperatures 
of 400-570°C. Upon prolonged heating i n  nondonor solvents,  the f ree  rad ica ls  which 
form i n  the coal a r e  thought t o  polymerize t o  higher molecular weight materials,  
whereas i n  the presence of t e t r a l i n ,  these rad ica ls  can be trapped by t r ans fe r  of 
hydrogen. 

In order t o  t e s t  some of these concepts we carried out several experiments w i t h  
carbon-14-labeled compounds. 
a t  400" f o r  one hour. 
of toluene and other products, b u t  t he  re i so la ted  bibenzyl had undergone ( t o  a small 
ex ten t )  an 
bibenzyl contained carbon-14: 

In one of these  bibenzyl and toluene-"C were heated 
There was intermolecular t r ans fe r  of hydrogen with formation 

exchange reaction with toluene as  shown by the f a c t  t ha t  the re i so la ted  

PhCHzCHzPh + P h e H 3  e PhCHZeH2Ph + PhCH3 

This exchange reaction must take place through a free-radical mechanism, possibly as  
follows: 

PhCHZCHzPh - 2 PhCHz. 
* * 

PhCHz. + PhCH3 __f PhCHzCHzPh + H e  

When the two components - bibenzyl and t o l ~ e n e - ' ~ C  - were heated i n  the presence of 
t e t r a l i n ,  however, there was no exchange between the two as shown by the f a c t  t h a t  
the  re i so la ted  bibenzyl was completely devoid of carbon-14. 
the ready a b i l i t y  of t e t r a l i n  t o  trap the benzyl rad ica ls  before they can reac t  w i t h  
toluene: 

The reason must l i e  i n  

PhCHz. + - PhCH3 + a 
191 



,I In several other reactions car r ied  o u t  with I l l i n o i s  No. 6 coal and labeled sub- 
s t r a t e  (e.g.  a-naphthol-a-'"C), the  mixtures were heated fo r  up  t o  one hour in 
closed tubes a t  400", and benzene was used a s  a vehicle t o  ease material t ransfer .  
To our surpr i se ,  s ign i f i can t  quant i t ies  of unlabeled biphenyl were discernible upon 
subsequent work-up. A1 though the  y ie lds  were not determined, su f f i c i en t  biphenyl 
was formed i n  one case t o  allow i t s  i so la t ion  and ident i f ica t ion  by nmr. Through 
some as ye t  unexplained mechanism, a phenyl radical must have been produced, which 
then reacted w i t h  another benzene molecule t o  form biphenyl: 

1 
1 

The presence of t e t r a l i n ,  however, i nh ib i t s  biphenyl formation. 

In an e f f o r t  t o  determine whether t e t r a l i n  does more than a c t  as a radical 
scavenger during Pott-Broche-1 i ke processes, we prepared tetralin-1- '"C (7 )  and 
heated i t  (1.933 g ,  15.82 Ci per mole) fo r  one hour w i t h  3.06 g of v i t r a in  (from 
I l l i no i s  No. 6 coa l ) .  The product was extracted with pyridine, and the residue was 
treated with THF, plus a mixture of nonradioactive t e t r a l i n  and naphthalene. 
residue s t i l l  contained carbon-14 which, on a t e t r a l i n  basis represents 2.6-2.8% by 
weight of the residue. 
representing 1.6% by weight of t h a t  f rac t ion  (on a t e t r a l i n  bas i s ) .  
tetralin- '"C appears t o  have undergone a chemical reaction w i t h  the  coal. 
previously reported (4 )  t ha t  t e t r a l i n  and I l l i n o i s  No. 6 coal when heated a t  400" 
y i e ld  a- and B-methylnaphthalenes, in which the  methyl groups undoubtedly have 
t h e i r  origin in the coal.  

The ro l e  of t e t r a l i n  during coal conversion, therefore,  i s  1 )  t o  ac t  as  a dis-  
persion vehicle;  2 )  t o  supply hydrogen rad ica ls ,  when needed, t o  t r ap  coal radicals,  
and 3)  in a very minor way t o  undergo intermolecular reaction w i t h  the coal through 
making and breaking of C-C (and possibly o ther )  bonds. 

The 

The pyridine soluble f rac t ion  a l so  contained carbon-14 
Thus the 

We have 

B.  Reductions of Coal 

Two chemical reactions f o r  so lubi l iz ing  coals have received much a t ten t ion  i n  
recent years,  these a re  1 )  the Friedel Crafts reaction (8-19) and 2 )  reductions, 
e i t h e r  with l i t h i u m  i n  su i tab le  solvents (20-26), or e l ec t ro ly t i ca l ly  with lithium 
s a l t s  in ethylenediamine (27-32). Part of the in t e re s t  in these reactions is  
undoubtedly due t o  the f a c t  t h a t  they can be car r ied  out a t  low temperatures. 

The chemical changes a f fec ted  during coal reductions a re  usually considered t o  
be breakage of e ther  and th ioe ther  linkages, a s  well as  reduction of aromatic 
nuclei .  Alkyl groups a re  not a f fec ted  (33).  
aromatic rings t o  cyc l i c  o le f ins  i s  well known. I t  was recently reported (35) tha t  
the use of NaK in mixed ethers a s  a coal reductant cleaves the alkyl l i n k i n g  groups 
(e.g. -CH*-CH2-) between aromatic moieties, and r e su l t s  in an increase in the number 
of methyl groups in the reduced product. Oxidation s tudies  (36, 37) have indicated 
a high frequency of ethylene connecting l inks i n  some b i t u m i n o u s  coa ls ,  a s  shown by 
the i so la t ion  of l a rge  quant i t ies  of succinic acid.  
reduction of three model compounds under the conditions reported (37) by Hombach and 
Niemann, u s i n g  glycol ethers as  the  solvent.  
methane, bi benzyl, and 1,3-diphenylpropane. Of the three compounds, diphenylmethane 
exhibited some, and bibenzyl exhibited considerable C-C s p l i t t i n g  in only 20 minutes, 
whereas 1,3-diphenylpropane was s t ab le  except f o r  t races  o f  toluene and ethylbenzene 
(when quenched w i t h  propanol-2). The r e su l t s  can be i l l u s t r a t ed  f o r  bibenzyl, which 
was added t o  the solution (37) of "solvated electrons." The mixture was s t i r r e d  f o r  
20 minutes ,  t h e n  '"CH31 was added t o  the reaction mixture, followed by water and 
then pentane. 
analyses w i t h  an apparatus f i t t e d  with a carbon-14 rad ioac t iv i ty  monitor (38). 

The Birch-Htickel reaction (34) of 

We therefore carried out the 

The compounds chosen were diphenyl- 

The pentane solution was washed, dried,  and subjected t o  g.c. 
The 
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r e su l t s  a r e  shown i n  Fig. 1 .  
column ( 3 9 )  and ident i f ied  through t h e i r  nmr spectra.  

and thereby lowering t h e i r  molecular weights, must now be added the  use of 
"solvated-electrons" f o r  breaking - C H z - C H z -  l inkages. 
of bibenzyl must be approximately as follows 

The products were separated on a preparative g.c. 

T h u s ,  t o  the methods previously employed fo r  breaking bonds in coal molecules 

The mechanism f o r  cleavage 

Toluene resu l t s  by donation of a proton t o  a benzyl carbanion from the  solvent: 
8 

PhCHz:  + H + --+ PhCH3 

The carbon-14-labeled ethylbenzene i s  formed by reaction of the benzyl carbanion 
with 14CH31: 

Q 
P h C H Z :  + 14CH31 - PhCHzl 'CH3 + I 

The other product, 1,2-diphenylpropane i s  formed in the conventional manner: 
e -H PhCH2CHzPh - PhCHZCHPh 

I 4 C H 3  

8 I 
PhCH2CHPh + l4CHJI ---+ PhCH2CHPh + I 
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2 

3 

F igu re  1 

( iC OF REACTION PRODUCTS 

5 

6 7  

1 pentane 

2 1,2-dimethoxyethane 

3 to1  uene 

4 e t h y l  benzene 

5 2,5,8,11-tetra-oxadodecane 

6 1,2-diphenylethane 

7 1,2-diphenylpropane 
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Hypothesis: The reactivity of bituminous coals under mild conditions is 
dominated by the accessibility of the reacting groups in the coal to reagents and 
not by the intrinsic reactivity of those groups. 
will be presented. 
further exploration of this idea. 

networks. 
coal is swollen by solvents (1). 
exhaustively extracted with pyridine are shown in Table 1. 
swollen to about twice their original volume by absorbing solvent. 
coal interactions responsible for this inhibition are strong enough so that if the 
coal ”molecules” were not covalently linked together, they would dissolve. 
observed behavior is characteristic of a cross linked macromolecular network (2,3,4). 

A n  attacking reagent has access 
to those parts of the surface of the coal which form the walls of the pores into 
which it can diffuse. Any solvent which expands the pore structure will enhance a 
coal’s reactivity by increasing the surface area accessable to the reagents. 
limitation on coal reactivity is the ahility of reagents to penetrate the pore 
structure. 

of the coal. For complete reaction, the reagent must diffuse into the coal network 
and penetrate to the bonds or groups with which it will react. 
this diffusion process is likely to be very slow, and indeed may limit not only the 
rate of reaction but also the number of groups which ultimately react. 
exmles of access limited reactions follow. 

Evidence for this hypothesis 
It is not conclusive evidence, but it is sufficient to warrent 

Bituminous coals contain cross linked, three dimensional macromolecular 

The weight increase in several coals which have been 
Perhaps the best evidence for this comes from experiments in which the 

These coals can be 
The solvent- 

The 

Coal is a highly porous, insoluble material. 

One 

However, even ready penetration of the pores only gives access to the surface 

It would seem that 

Some 

‘Analysis for Phenolic Hydroxyl. lrlaher and O’Shea (5) measured the phenolic 
hydro-ezof Greta c m  82.4%C, 6.2%H, 1.7%N, l.O%S) by titration in 
ethylenediamine solvent. They also extracted the coal with various solvents and 
measured the OH content of the extract and the residue. The data are shown in 
Table 2 and it is obvious that the results with the extracted coals are greater 
than that obtained with the whole coal. Precautions were taken to prevent oxida- 
tion and the generation of new phenolic OH groups by depolymerization seems 
unlikely. An increase in the accessability of OH groups is the most reasonable 
explanat ion. 

whose”solubi1ity” increases with the size of the acyl group (6). 
are of very high (105-106) molecular weight ( 7 ) .  
octanaylated 
tons are absent from the proton nmr. 
carbonyl group are broadened, while the methylene peaks at the terminal end of the 
chain show normal line widths. These data can be explained if acylation occurred 
at the coal surface and the resulting substance was solubilized, micelle like, by 
the interactions of the long chain with the solvent. 
still be in a solid environment, and their absorption would be too broad to detect. 
The motion of the portion of the acyl chain close to the coal surface would be 
hindered by close packing, giving rise to broad lines. 
free motion and normal line widths as observed. 

Friedel-Crafts Acylation. The Friedel-Crafts acylation of coals give products 

Peaks due to aromatic pro- 
The peaks due to the methylene a and B to the 

These products 
The proton nmr and 13C nmr of 

Bruceton coal are shown in Figs. 1 and 2 .  

The aromatic protons would 

The other end would have 
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Heredy-Neuworth Depolymerization. 
uminous coal, it is clear that any reaction which cleaves the bonds between aroma- 
tic carbons and methylene groups should result in destruction of the coal and the 
products of low molecular weight products. 
is one such reaction (8,9). 
weight products, 80% greater than 3000. 
zation can be further depolymerized if reacted again. 
in model compounds is not a slow reaction. 
postulating limited access of the necessary reagents to the interior of the coal. 

There are reactions which produce low molecular weight products from coals. 
Heat has ready access to the interior of coal, so pyrolysis would be expected to, 
and does, rapidly destroy the network and produce low molecular weight products. 
Vigorous reactions, such as oxidation, can chew their way into the coal by cutting 
small molecules off of the surface. This requires vigorous, unselective reactions. 
The attempts to use mild, selective reactions to solubilize coal lead to high 
molecular weight products. 

If the hypothesis stated here is correct, its consequences for coal chemistry 
and processing will be enormous. 
interim of the coal network should be sought. 
allow rapid, mild processing of coals. If rapid access cannot be obtained, pyroly- 
sis may be the necessary first step of any process rapid enough to be comercially 
attracted. 

Using currently accepted models for bit- 

The Heredy-Neuworth depolymerization 
When applied to coal it gives mostly high molecular 

The colloidal material from a depolymeri- 
The cleavage of these bonds 

These results can be explained by 

Methods for gaining ready, rapid access to the 
The discovery of such methods will 

Acknowledgement. We are grateful to the Department of Energy for support of 
this work and to EPRI for support of the acylation studies. 

References 

1. 

2. 

3. 

4.  

5. 

6. 

7. 

8. 

9. 

a) 
OWL. 

Department of Chemistry, University of Tennessee, b) Chemistry Division, 

This idea was first brought to our attention by Frank Mayo, and we acknowledge 
this with thanks. 

P.J. Flory, "Principles o f  Polymer Chemistry", Cornell University Press, Ithaca, 
N.Y. 1953. 

L.R.G. Treloar, "The Physics of Ftubber Elasticity", Claredon Press, Oxford, 
1975. 

T.P. Maher and J . M .  O'Shea, Fuel, 5, 286 (1967). 

W. Hodek and G. Kolling, Fuel, 52, 220 (1973). 

H.-P. Hombach, Ph.D. Thesis, Westfalischen Wilhelms-Universitat, Munster, 1972. 

L.A. Heredy and M.B. Neuworth, Fuel, 41, 221 (1962). 

For a review of  the early chemistry of this reaction see J.W. Larsen and E.W. 
Kuemmerle, Fuel, s, 162 (1976). 

198 



rl 

0 

$ 
? 
a 
LH 

M 
0 
0 7 4  

a 
5 

a, 

c .rl 

V .rl 

N 

a: 
E 
.P 

U 
E c: 

e, 

4 M 
6- 
P” 

4J c .4a 
p- 

v) v ) m r . o v ) m r .  m o r - e m m m ~  
rl rlrlrlrl NN 

m ~ \ D ~ M ~ M N  m ~ a r . t n ~ o m  . . . . . . . . 
rl r l d d r l r l M N  

P - 0  N r l  

N N d O V I M b N  
N r l d N  

. .  

k 
a 
m 
M 

2 

Y 

199 



Figure 2 .  13C nmr Spectrum of Octanolyated Bruceton Coal (CECl3 solvent).  
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, 
THE PHYSICAL STRUCTLJRL Or RROh'N COAL 

R . J  Camier. S.R. Siemon, H . A . J .  Bat taerd and B.R. Stanmore 
0 

Department of  Chemical Engineer ing,  
Univers i ty  of Melbourne, 
Parkvi l le .  Vic. 3052. 

1, In t roduct ion  

The behaviour of c o a l  dur ing  processing i s  determined by its physicochemical 
composition and s t r u c t u r e .  The examination of t h e  c o a l  "molecule" has  been hampered 
by t h e  i n a b i l i t y  t o  f i n d  techniques which measure any meaningful p r o p e r t i e s  of such 
l a r g e  complex s t r u c t u r e s .  Most a t t a c k s  on t h e  problem have been by means of breakinp, 
down t h e  s t r u c t u r e  i n t o  smal le r ,  more t r a c t a b l e  p ieces ,  examining t h e s e  and i n f e r r i n e  
t h e  o r i g i n a l  s t r u c t u r e .  
t o  r u p t u r e  t h e  molecules r a i s e s  doubts as t o  t h e  v a l i d i t y  of t h e  method. 
u n c e r t a i n t y  even with brown c o a l s  which a r e  g e o l o g i c a l l y  younger and bear  more 
resemblance to t h e  molecules of  c l a s s i c a l  organic  chemistry.  
for  ins tance ,  i n  t h e  d i v e r s i t y  of models proposed for bas ic  molecular arrangement 
(1-5). 

=' 
'( 

I With bituminous c o a l s  t h e  s e v e r i t y  of  t h e  t reatment  needed . 
.' 
1 

There is 

This  is r e f l e c t e d ,  

Brown c o a l s  have t h e  advantage t h a t  t h e y  can be broken down by t h e  comparat ively 
g e n t l e  t reatment  of a l k a l i  d i g e s t i o n  ( 6 )  i n to  fragments  i n  t h e  micron and submicron 
range.  This  r e s u l t s  i n  a s o l u b l e  f r a c t i o n  of  humic a c i d s  and a n  inso luble  r e s i d u e ,  

, humins. With Vic tor ian  c o a l s  it has been found t h a t  maximum d i g e s t i o n  occurs  a t  pH 
> 13 t o  g ive  humic a c i d  y i e l d s  ranging from 1 5  t o  40% of t h e  dry  c o a l  mass (7). 

This paper r e p o r t s  on a s tudy  of d iges ted  c o a l  f r a c t i o n s  which were subjec ted  
t o  p a r t i c l e  s i z e  a n a l y s i s  using sedimentat ion techniques.  
a g r a v i t a t i o n a l  sedimentation technique w a s  adopted while  t h e  more f i n e l y  d iv ided  
humic a c i d s  requi red  an u l t r a c e n t r i f u g e  t o  genera te  a s u f f i c i e n t l y  l a r g e  f o r c e  f i e l d .  
The n a t u r e  of t h e  fragments generated by t h i s  technique has  r e s u l t e d  i n  a modified 
hypothesis  of c o a l  genes is .  

Experimental 

For t h e  humins f r a c t i o n s  

The c o a l  examined was a sample of medium-light ear thy  c o a l  from t h e  Yal lourn 
mine i n  t h e  Latrobe Val ley,  Vic tor ia .  Its u l t i m a t e  a n a l y s i s  on a d . a . f .  b a s i s  w a s  
C 6 5 . 6 % ,  H 5.18% and oxygen by d i f f e r n e c e  27.95%. 
b a l l  m i l l i n g ,  followed by f u r t h e r  s i z e  reduct ion  i n  a domestic food pulper  and was 
t h e n  s t o r e d  under water i n  a c losed  v e s s e l .  

A s tock  sample was prepared by wet 

For each t e s t  a 15 m l  q u a n t i t y  of  s l u r r y  was mixed with 500 m l  q u a n t i t y  of  0 .1  
M NaOH s o l u t i o n  t o  maintain pH a t  13. 
screened on a B.S. 350 mesh screen t o  remove t43 pm overs ize  p a r t i c l e s .  The under- 
f l o w  was then passed through a micropore f i l t e r  of nominal pore s i z e  1.2 u m .  
t h u s  been f r a c t i o n a t e d  by p a r t i c l e  s i z e  i n t o  humins ( t h e  t43 um and t h e  -43 um t 1.2 u m  
f r a c t i o n s )  and humic a c i d s  (-1.2 pm . f r a c t i o n ) .  

After  d i g e s t i n g  overnight  t h e  slurry w a s  wet- 

The c o a l  

Some of  each of  t h e  f r a c t i o n s  w a s  ac id  washed t o  remove sodium and 
r e p r e c i p i t a t e  t h e  humic ac ids .  
o f  t h e  humic a c i d s ,  due t o  small q u a n t i t i e s  of f u l v i c  a c i d .  
was then  c a r r i e d  out  on t h e  d r i e d  s o l i d s  of each f r a c t i o n .  

A yellow supernatant  l i q u i d  remained a f t e r  p r e c i p i t a t i o n  
An elemental  a n a l y s i s  

Other samples of  a l k a l i n e  s l u r r y  were subjec ted  t o  p a r t i c l e  s i z e  a n a l y s i s  by 
With t h e  -43 pm + 1.2 Um f r a c t i o n  t h i s  was done i n  a 50 mm d iameter  

t h e  mass of 
The da ta  was analysed by t h e  method of Od8n ( 8 )  and t h e  p a r t i c l e  

Sedimentation. 
s e t t l i n g  column with a t a r e d  pan a t  t h e  base t o  cont inuously r e c o r d  
sedimented s o l i d .  
s i z e  d i s t r i b u t i o n  (Stokesian d iameter )  expressed on a mass % b a s i s  was c a l c u l a t e d .  

The humic a c i d  f r a c t i o n  (-1.2 urn) which was a dark  brown suspension containinR 
4.7 mg/l of c o a l  d id  not s e t t l e  even a f t e r  s tanding  f o r  s i x  months. This  slurry was 
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spun i n  a Beckmann u l t r a c e n t r i f u g e  with s p e c i a l  long tubes  t o  genera te  high g values .  
A l k a l i - r e s i s t a n t  polyallomer tubes  were used so t h a t  t h e  s o l i d s  which c o l l e c t e d  i n  
t h e  base could b e  removed i n  a s p e c i a l  g u i l l o t i n e ,  t h e n  d r i e d  and weiehed. The 
h e i g h t s  of  suspension charged varied,from 10  t o  80 mm and r o t a t i o n a l  speeds up t o  
40 000 rpm were used. 
accord ing  t o  k o w n  (9) .  

R e s u l t s  

I 

The d a t a  was a g a i n  analysed by Oden's method, modified 

A t y p i c a l  ou tput  f r o m  t h e  sedimentat ion balance f o r  -23 urn t1.2 urn mater ia l  1 
shown i n  Fig. 1. The occurence of d i s t i n c t  peaks i n d i c a t e s  t h a t  groups of 

c lose ly-s ized  p a r t i c l e s  a r e  present ,  t h e  smal les t  being about  6 um i n  e f f e c t i v e  
(S tokes ian)  diameter .  
at d i f f e r e n t  pH and with d i f f e r e n t  c o a l  t y p e s  s u g g e s t e d ' t h a t  some fundamental u n i t  
was p r e s e n t .  
rods about  0.9 um i n  diameter  and 6-8 pm long were common. 
c o e f f i c i e n t  f o r  such p a r t i c l e s  was c a l c u l a t e d  from Lamb's formula f o r  c y l i n d e r s  a t  
low Reynolds '  number ( s e e  F'randtl ( l o ) ) ,  t h e  terminal s e t t i n g  v e l o c i t y  w a s  t h e  same 
as for a s p h e r i c a l  p a r t i c l e  of about 6 um diameter .  

The l a r g e r  p a r t i c l e  s i z e s  could t h u s  be a c c r e t i o n s  of t h e s e  bas ic  u n i t s  and 

The p e r s i s t a n t  appearance of  t h e  same s i z e  groups i n  a l l  t e s t s  

A microscopic examination of t h e  m a t e r i a l  revea led  t h a t  c y l i n d r i c a l  
When t h e  drag 

a number is such agglomerations were noted. The r o d s  were arranged s i d e  by s i d e ,  
c l o s e  packed i n  bundles. 
mass and  t h e y  subsequent ly  agglomerate i n  s o l u t i o n ,  doubl ing i n  volume a t  each 
coa lescence .  

It  appears  t h a t  t h e  alkali p e e l s  t h e s e  rods  from t h e  c o a l  

Elemental  ana lyses  of  t h e  f r a c t i o n s  showed t h e  'rod' f r a c t i o n  (-43 urn t 1.2 
p m ) i s  r i c h  i n  both  hydrogen and carbon compared wi th  t h e  o r i g i n a l  c o a l ,  Fig. 2 
a l though t h e  e f f e c t  i s  p a r t l y  obscured by t h e  o x i d a t i o n  which t a k e s  p lace  i n  a l k a l i n e  
s o l u t i o n .  The same t r e n d s  appeared i n  a l l  c o a l  samples t e s t e d .  

The p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t h e  humic ac id  f r a c t i o n  is depicted i n  
Fig. 3. No material sedimented out u n t i l  t h e  most extreme condi t ions  were appl ied  
( 4 0  000 rpm f o r  24 h ) ,  when some l i g h t e n i n g  of co lour  a t  t h e  t o p  of t h e  so lu t ion  was 
observed.  The sedimented p a r t i c l e s  had a Stokesian diameter of around 2 run, which 
means t h a t  a p a r t i c l e  s i z e  gap of t h r e e  o r d e r s  of magnitude e x i s t s  between these  and 
t h e  n e x t  l a r g e s t  p a r t i c l e s  de tec ted  ( 5  u m ) .  
t o  be 1.43 g/cm3, a s o l i d  sphere of diameter  2 nm would have a molecular mass of  
4 , 0 0 0 .  If t h e  molecules  were rod-shaped, even smal le r  molecular masses would be 
p r e d i c t e d .  
between 800 and 20 000 with t h e  va lues  c l u s t e r i n g  around 1,000 and 10,000 (11,12,13). 

Taking t h e  d e n s i t y  of c o a l  substance 

L i t e r a t u r e  va lues  of  t h e  molecular mass of regenerated humic a c i d s  range 

S ince  t h e  humic a c i d  f r a c t i o n  c o n s t i t u t e s  30% of t h e  d r y  coa l  mass, about 
one t h i r d  o f  t h e  c o a l  is i n  t h e  form of small  macromolecules, and bound t o  t h e  coal  
s t r u c t u r e  wi th  bonds weak enough t o  be d i s r u p t e d  by d i l u t e  a l k a l i .  

It is  o f  i n t e r e s t  t o  note  t h a t  t h e  p a r t i c l e  s i z e  gap suppl ies  a r a t i o n a l  basis 
t o  t h e  t r a d i t i o n a l  German c l a s s i f i c a t i o n  scheme of def in ing  humic a c i d  and humins on 
t h e  basis of a p a r t i c l e  s i z e  separa t ion  ( f i l t r a t i o n ) .  

Discuss  i o n  

The presence of  geometr ica l ly  uniform r o d s  and t h e  absence of p a r t i c l e s  over  
such a wide p a r t i c l e  s i z e  range have impl ica t ions  f o r  our  understanding of c o a l  
chemis t ry  and g e n e s i s .  
observa t ions .  

The fol lowing d i s c u s s i o n  a t t e m p t s  to  harmonise these  

Three explana t ions  have been considered t o  expla in  t h e  rods  found during t h i s  
These a r e  t h a t  they  a r e : -  

i )  b a c t e r i a l  remains 
i i )  p l a n t  c e l l  remains 

work. 

i i i )  art ifacts formed dur ing  phase s e p a r a t i o n  i n  t h e  c o a l i f i c a t i o n  process .  
Since b a c t e r i a ,  inc luding  r o d - l i k e  b a c i l l i  a r e  a c t i v e  during t h e  b io logica l  d i g e s t i o n  
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s t a g e  of c o a l i f i c a t i o n ,  remnants of t h e i r  protoplasm m y  have been incorporated 
i n t o  t h e  c o a l  matrix. 
high n i t rogen  conten t  and t h e  r e s u l t s  are l i s t e d  i n  Table  1. 

If t h i s  were so, t h e i r  p r o t e i n  conten t  should r e s u l t  i n  a 

TABLE 1. 
Nitrogen conten t  (d .a . f .1  of Coal S ize  F r a c t i o n  

Mater ia l  ~ o r i g i n a l  c o a l  t43 um -43umt1.2pm -1.2 vrn 
I 

Nitrogen conten t  (% d a f )  0.75  0.63 0.78 0.70 - 
Although t h e  n i t rogen  conten t  of t h e  rod f r a c t i o n  is higher  t h a n  t h e  o t h e r s ,  

Since t h e i r  concent ra t ion  appears  t o  be much 
it can only be s i g n i f i c a n t  i f  t h e  rods c o n s t i t u t e  less than  about 2% of t h e  t o t a l  
mass of t h e  -43 pm t 1.2 pm f r a c t i o n ,  
g r e a t e r  than t h i s ,  t h e  hypothesis  i s  u n a t t r a c t i v e .  

The abundance of i d e n t i f i a b l e  cell  fragments  observed under t h e  microscope 
l e n d s  weight t o  t h e  second hypothesis .  
and remains of  coni fe rous  t r a c h e i d s  o r  o t h e r  ce l l s  would be of t h e  c o r r e c t  s i z e .  
The composition of t h e  rod f r a c t i o n  is c l o s e  t o  t h a t  of l i g n i n  and t h e  rods have 
been observed pee l ing  off l a r g e r  woody fragments. 
must t h e r e f o r e  be considered a s  a p o s s i b i l i t y  i n  t h e  absence of o t h e r  information.  

C e l l  s i z e s  vary with l o c a t i o n  i n  t h e  plant 

The ce l l  r e m i n s  explana t ion  

The t h i r d  hypothesis  is more s p e c u l a t i v e  and fa r - reaching  i n  i t s  impl ica t ions .  
It  is genera l ly  accepted ( 1 4 )  t h a t  t h e  f i r s t  s t e p  i n  t h e  genes is  of  c o a l  i s  t h e  
d e s t r u c t i o n  of  c e l l u l o s e  and t h e  degrada t ion  of  l i g n i n  t o  monomer which e i t h e r  is a 
humic a c i d  or polymerises t o  g ive  humic a c i d s .  
t a k e s  place by condensat ion a s  ind ica ted  by t h e  decrease i n  a c i d i t y  with i n c r e a s e  i n  
molecular  mass. A s  t h e  concent ra t ion  of monomer decreases ,  a g e l  po in t  is reached 
and a g i a n t  network is formed, swollen by t h e  so lvent  water. 
proceeds f u r t h e r ,  t h e  network w i l l  become cross- l inked ,  r e s u l t i n g  i n  shr inka2e and 
water exclusion.  

The polymerisat ion of these  a c i d s  

A s  t h e  polymegisation 

Considering macromolecules i n  s u r f a c e  energy terms,  t h e  s o l u b i l i t y  parameter 
has  been def ined as .”.% 

6 = 
1 1  

where E is t h e  molar cohesive energy and V is t h e  molar volume. 
A and B, t h e  m a t e r i a l s  a r e  compatible i f  (15), 

For two polymers 

(6, - < 4.2 kJ/1 

If t h i s  inequal i ty  does not  hold phase separa t ion  of  polymers w i l l  occur. The 
s o l u b i l i t y  parameter of  c o a l  over  a wide range  of  c o a l  ranks  has been measured 
(15,17,18) and is p l o t t e d  i n  Fig.  4 .  
to  23 as t h e  carbon content  r i s e s  from 7 0 - t o  89% and r i s e s  s lowlv t h e r e a f t e r .  
89% carbon,  po lar  groups a r e  l a r g e l y  absent  and aromat i sa t ion  has  commenced. 
e x t r a p o l a t i o n  back t o  t h e  65 -70% carbon range occupied by brown c o a l s ,  t h e  l i n e  is 
s t e e p  enough such t h a t  a d i f f e r e n c e  of only  1% i n  carbon content  is s u f f i c i e n t  t o  
c r e a t e  incompat ib i l i ty  between c o a l  molecules. 

The value of  6 f a l l s  n e a r l y  l i n e a r l y  from 32 
A t  

By 

A l a r g e  polymer molecule is a b l e  t o  e x i s t  with d i f f e r e n t  p a r t s  of t h e  c h a i n  
i n  d i f f e r e n t  phases and an i n c r e a s e  i n  t h e  concent ra t ion  of  t h e  s p e c i e s  w i l l  
concent ra te  so lva ted  p a r t s  toge ther  as  wel l  a s  concent ra t ing  t h e  p r e c i p i t a t e d  p a r t s .  
With two d i f f e r e n t  polymers e .g .  po lys tyrene  and polybutadiene b locks  of one w i l l  
form wi th in  a cont inuous phase of t h e  o t h e r ,  with domain s i z e s  between 10 and 100 nm 
u s u a l .  
remaining polymer. 

This  segregat ion i n t o  phases w i l l  be  enhanced by t h e  swel l ing e f f e c t  of t h e  

In t h e  case  of c o a l  formation, woody r e s i d u e s  intermingle  with condensat ion 
polymers which a r e  swollen by t h e  water-soluble  products  f r o m  t h e  degradat ion of 
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high concent ra t ion  of A 

I 
low concent ra t ion  o f  A 

The r e v i s e d  model of c o a l  s t r u c t u r e  which emerges from t h i s  study envisages 
a g e l  o f  humic a c i d  molecules swollen by water  and incorpora t ing  p a r t i c u l a t e s .  
These include r o d s  and d e t r i t a l  mat ter  l i k e  p o l l e n ,  cell  remains, e x i n i t e  m a t e r i a l  
e t c .  which a r e  he ld  t o g e t h e r  by t h e  humic a c i d  "glue". 
toge ther  must be of a homopolar non-regenerable type  as r h e o l o g i c a l  s t u d i e s  of 
Vic tor ian  c o a l s  have shown that t h e  bonds a r e  broken by s h e a r  a c t i o n  during 
mechanical working and d o  not remake on s tanding  (19). 
bond commonly regarded  as t h e  major bond type  for brown c o a l  g e l s ,  as hydrogen 
bonds a r e  known to remake after rupture .  
may hold t h e  s t r u c t u r e  toge ther .  On r u p t u r e  t h e  water  which i s  l i b e r a t e d  on shear ing  
would be a b l e  t o  a t t a c h  a t  t h e  vacant si tes and t h u s  prevent  t h e  remaking of t h e  
o r i g i n a l  s t r o n g e r  bonds. 

Conclusions 

1. 

2. 

The bonds l ink ing  t h i s  mass 

This  excludes t h e  hydrogen 

It appears  t h a t  van d e r  .Waals t y p e  bonds 

P a r t i c l e  s i z e  a n a l y s i s  of  a l k a l i - d i g e s t e d  brown coal provides  a u s e f u l  
ins ight  i n t o  coal s t r u c t u r e .  
Victor ian c o a l s  c o n t a i n  s i g n i f i c a n t  q u a n t i t i e s  of c y l i n d r i c a l  rod-shaped 
p a r t i c l e s ,  1 vm i n  diameter  and 6-8 um long,  which a r e  high i n  carbon 
and hydrogen. 
No p a r t i c l e s  e x i s t  i n  a lka l i -d iges ted  c o a l  s o l u t i o n s  between 6 v m  and 2nm 
Stokesian d i a m e t e r ,  

p a r t i c l e s  bound by non-regenerable bonds. 

3. 

4. Brown c o a l  can be regarded a s  a g e l  of humic a c i d s  which incorporates  l a r g e r  

spheres  of  B d i s p e r s e d  i n  A 
rods  " " 

a l t e r n a t e  l a y e r s  of A and B 
rods of A d i speresed  i n  B 
spheres  " 

I, 1, 11 

11 , I  
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THE ULTRAFINE STRUCTURE OF COAL DETERMINED BY ELECTRON MICROSCOPY 

L. A .  Ha r r i s  and C .  S. Yust 

Metals and Ceramics Divis ion 
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37830 USA 

INTRODUCTION 

The t echno log ica l  u t i l i z a t i o n  of coal  is dependent upon its physical  charac- 
t e r i s t i c s  a s  well  as i t s  chemistry.  The size and s p a t i a l  d i s t r i b u t i o n  of pores;  
and the  s i z e ,  d i s t r i b u t i o n ,  and i d e n t i t y  of  t h e  submicron s i z e  minerals  a r e  physical  
a t t r i b u t e s  of p a r t i c u l a r  i n t e r e s t  because of t h e i r  inf luence i n  coal  conversion 
processes such a s  l i q u e f a c t i o n  and g a s i f i c a t i o n .  

The p r e s e n t  pape r  is one of a s e r i e s  i n  which e l ec t ron  microscope analyses  in -  
including t r ansmiss ion ,  scanning t ransmission,  and scanning r e f l e c t i o n  methods have 
been employed i n  examining bituminous coa l s  (1,  2 ) .  These techniques have t h e  ad- 
vantage of r e v e a l i n g  t h e  mic ros t ruc tu res  of coal  a t  magnif icat ions s u b s t a n t i a l l y  
g rea t e r  than t h a t  a v a i l a b l e  with l i g h t  microscopy. 
d i r e c t  observat ion o f  t h e  po res  and submicron mine ra l s  w i th in  t h e  coa l  may be 
obtained. 

Consequently, a more d e t a i l e d  

EXPERIMENTAL 

Sample S e l e c t i o n  and Preparat ion 

Samples were s e l e c t e d  from two high v o l a t i l e  bituminous c o a l s ,  namely, I l l i n o i s  
No. 6 and Eas t e rn  Kentucky s p l i n t  coal  from Perry County. The s e l e c t i o n  of t h e  
above coals  w a s  based on t h e  f a c t  t h a t  both a r e  o f  equal rank b u t  of d i f f e r e n t  
l i t ho types  ( i . e .  maceral  con ten t s ) ,  mic ros t rucu tu res ,  and geographical ly  separated.  
Consequently some eva lua t ion  could be made of  t h e  v a r i a t i o n  i n  microscale  f ea tu res  
which could be s i g n i f i c a n t  i n  coa l  u t i l i z a t i o n  o r  d i agenes i s ,  

Specimens were prepared from the  above samples by s l i c i n g  s e c t i o n s  normal t o  
t h e  bedding and subsequent ly  gr inding them i n t o  o p t i c a l  t h i n  s e c t i o n s  approximately 
10-15 vm t h i c k .  The o p t i c a l  s ec t ions  were removed from t h e  g l a s s  s l i d e  by acetone 
and thinned t o  e l e c t r o n  t ransparency by i o n  bombardment ( ion  mi l l ed ) .  
mi l l i ng  process  was performed on fragments approximately 3 mm on edge using argon 
gas and a l i q u i d  n i t rogen  cold s t age  i n  o rde r  t o  ensure a sample f r e e  from thermal 
damage. 
conductive p a i n t .  

The ion 

The i o n  mi l l ed  samples were f ixed  t o  e l e c t r o n  microscope g r i d s  using s i l v e r  

Analyt ical  Methods 

Both a high v o l t a g e  t ransmission e l e c t r o n  microscope (TEM) (1 Mv) and a scanning 
t ransmission e l e c t r o n  microscope (STEM) (120 Kv) were used i n  t h i s  study. The STEM 
was f i t t e d  wi th  an energy d i spe r s ion  system u t i l i z i n g  a S i ( L i )  d e t e c t o r .  
chemical ana lyses  of p a r t i c l e s  a s  small a s  20 nm f o r  elements of  atomic number 11 or  
g r e a t e r  could be a t t a i n e d  by use of  t h e  STEM and EDX. 

Micro- 

* 
Research sponsored by t h e  Division of Basic Energy Science,  U.S. Department Of 

Energy under c o n t r a c t  W-7405-eng-26 with t h e  Union Carbide Corporat ion,  

210 



RESULTS AND DISCUSSION 

Figures  1 and 2 a r e  TEM photomicrographs of specimens from t h e  s p l i n t  coa l  
and t h e  I l l i n o i s  No. 6, r e s p e c t i v e l y .  The photomicrographs serve t o  i l l u s t r a t e  
t h e  d i f f e r e n c e s  i n  micros t ruc tures  between c o a l s  of  t h e  same rank. I n  genera l ,  
t h e  s p l i n t  coa l  contains  fragments of e x i n i t e ,  i n e r t i n i t e ,  and v i t r i n i t e  c l o s e l y  
compacted toge ther ,  with t h e  former two macerals making up over 70 volume percent  
of  t h e  t o t a l  mater ia l .  On t h e  o t h e r  hand, t h e  I l l i n o i s  No. 6 coal  conta ins  l a r g e  
bands of  v i t r n i t e  interbedded with i n e r t i n i t e  and e x i n i t e ,  where t h e  l a t te r  two 
macerals combined comprise between 10 and 20 volume percent  of t h e  t o t a l  macerals .  

EASTERN KENTUCKY SPLINT COAL 

Examination of t h e  micros t ruc ture  i n  Figure 1 r e v e a l s  t h a t  t h e  e x i n i t i c  
m a t e r i a l  (E) is e s s e n t i a l l y  f e a t u r e l e s s  i n  e l e c t r o n  t ransmiss ion .  This  mater ia l  
however, f requent ly  conta ins  r e l a t i v e l y  l a r g e  and i r r e g u l a r l y  shaped pores  (P) .  
Immediately adjacent  t o  t h e  e x i n i t e  i s  a region of  v i t r i n i t e  ( V ) ,  conta in ing  
a n e a r l y  uniform d i s t r i b u t i o n  of f i n e  p o r o s i t y .  The boundary between t h e  e x i n i t e  
and t h e  v i t r i n i t e  conta ins  opaque fragments of mineral  bear ing i n e r t i n i t e  a s  well 
a s  more f i n e l y  divided i n e r t i n i t i c  m a t t e r ,  
t h e  granular  i n e r t i n i t e  at t h e  boundary i s  seen by d e t a i l e d  study t o  be cont inuous 
with t h e  f i n e r  poros i ty  t h a t  i s  observed i n  t h e  v i t r i n i t e .  
p o r o s i t y  from t h e  i n e r t i n i t e  t o  t h e  v i t r i n i t e  may be i n d i c a t i v e  of a t r a n s i t i o n a l  
zone between t h e  two macerals .  The v i t r i n i t e  bands observed i n  t h i s  f i e l d  a r e  
r e l a t i v e l y  porous and as would be expected i n  a low d e n s i t y  body, t h e  p o r o s i t y  i s  
h ighly  interconnected.  

The coarse  p o r o s i t y  assoc ia ted  with 

This  grada t ion  of 

The poros i ty  assoc ia ted  with t h e  e x i n i t i c  maceral of t h e  s p l i n t  coal  can be 
seen more c l e a r l y  i n  Figure 3. 
d i s t i n c t  tubular  channels which extend from t h e  apparent  c e n t e r  of  t h e  spore ex ine  
t o  t h e  boundary between t h e  spore  and t h e  surrounding i n e r t i n i t e .  Commonly, t h e  
channels conta in  spher ica l  mineral  p a r t i c l e s ,  which appear t o  be a s s o c i a t e d  with 
t h e  formation of t h e  channels .  Other s t u d i e s  ( 3 )  on t h e  i n t e r a c t i o n  of f i n e  
metal p a r t i c l e s  on g r a p h i t e  sur faces  have demonstrated t h a t  p a r t i c u l a t e s  can c a t a l y z e  
s u r f a c e  r e a c t i o n  and lead t o  genera t ion  of e longated pores  of t h e  type  shown here .  
The p a r t i c l e s  i n  t h e  e x i n i t e  were i d e n t i f i e d  by means of  EDX ana lyses  and s e l e c t e d  
a r e a  d i f f r a c t i o n  (see i n s e r t s  i n  Figure 3) a s  the  mineral  a ragoni te  (calcium c a r -  
bonate) which presumably e n t e r s  t h e  e x i n i t e  from t h e  granular  i n e r t i n i t e  t h a t  
t y p i c a l l y  surrounds t h e  spore ex ines .  Usual ly ,  t h e  granular  i n e r t i n i t e  conta ins  an 
apprec iab le  amount of mineral  m a t t e r ,  p r i m a r i l y  a s  c l a y s .  

The l a r g e ,  i r r e g u l a r l y  shaped pores  o f t e n  form 

Previous p o r o s i t y  s t u d i e s  of coa l  by gas  absorp t ion  methods (4) revea l  a 
d i r e c t  r e l a t i o n s h i p  between t h e  f i n e  p o r o s i t y  and t h e  v i t r i n i t e  conten t  of a coa l .  
These observat ions a r e  confirmed by t h i s  s tudy f o r  both t h e  s p l i n t  and I l l i n o i s  No. 6 
c o a l s  i n  as  much a s  a l l  t h e  v i t r i n i t e  observed by TEM was found t o  conta in  l a r g e  
reg ions  of f i n e  poros i ty .  In  Figure 4 ,  a TEM photomicrograph of a v i t r i n i t e  
fragment i n  t h e  s p l i n t  c o a l ,  t h e  pore  sizes range from approximately 2 nm, t o  g r e a t e r  
than 20 nm. 
be r e l a t e d  t o  connecting channels o r  i r r e g u l a r l y  shaped pores  t h a t  cannot be descr ibed 
a s  s p h e r i c a l .  S te reo  p a i r s  of t h e s e  v i t r i n i t e  fragments i n d i c a t e  a connect ing network 
of pores  suggest ing high permeabi l i ty .  

The smal les t  pores ,  some of  which may even be l e s s  than 2 nm, appear t o  

ILLINOIS NO. 6 COAL 

The granular  c o n s t i t u t e n t  shown i n  t h e  I l l i n o i s  No. 6 micros t ruc ture  (Fig.  2)  
conta ins  a broad range Of in te rconnec t ing  pores  (%4C-S0 nm i n  d i a . )  which may be 
c l a s s i f i e d  as predominantly macropores (<50 vm). 
c o n s t i t u e n t  i s  not c l e a r ,  however, it i s  thought t o  be a mixture  of  i n e r t i n i t e  and 
e x i n i t e .  

The exac t  i d e n t i t y  of t h i s  

The micros t ruc ture  of  t h i s  coal  i s  dominated by l a r g e  v i t r i n i t e  bands 
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(V)  which are separa ted  by t h e  h ighly  porous reg ions ,  
interconnected f i n e  p o r o s i t y  can be observed i n  both  v i t r i n i t e  bands ( see  arrows) ,  
Also noteworthy i n  t h i s  micros t ruc ture  a r e  t h e  opaque (OP) fragments t h a t  have 
been found t o  conta in  minera ls .  The opac i ty  of t h e  mineral  regions may be due t o  
a grea te r  th ickness  of t h e  face caused by t h e  g r e a t e r  r e s i s t a n c e  minerals  have t o  
ion  mi l l ing .  

Areas of apparent ly  

Figure 5 i s  a TEN photomicrograph o f  a region o f  v i t r i n i t e  i n  t h e  I l l i n o i s  
No. 6 coa l  obtained a t  h igher  magni f ica t ion  (50K) i n  order  t o  perform a more 
d e t a i l e d  a n a l y s i s  of t h e  p o r o s i t y  assoc ia ted  with t h i s  maceral. Pore dimensions 
range from approximately 1 t o  10 nm which c l a s s i f i e s  them as a mixture  of  micro- 
pores  ( < 2  urn) and mesopores (2-50 u m ) .  The d e t e c t i o n  of p o r o s i t y  i n  the  2 
dimensional image becomes more d i f f i c u l t  as t h e  specimen th ickens .  
when viewed i n  3 dimensions v i a  a s t e r e o  p a i r ,  t h e  p o r o s i t y  i n  t h e  t h i c k e r  regions 
remains c l e a r .  Three dimensional viewing a l s o  r e v e a l s  t h a t  t h e  p o r o s i t y  i s  ir- 
regular ly  shaped, and i s  o f t e n  p r e s e n t  as volumes of h ighly  in te rconnec t ing  pores .  
I n  regions of l o c a l l y  high p o r o s i t y  as i s  observed i n  t h e  c e n t e r  of  Fig.  5, t h e  
degree of i n t e r c o n n e c t i v i t y  i s  r e l a t i v e l y  g r e a t  whereas i n  t h e  surrounding region 
t h e  pore volumes are l a r g e l y  i s o l a t e d .  

However, 

Several  v i t r i n i t e  f ragments  were found t o  conta in  bands of minera ls ,  a l igned 
p a r a l l e l  t o  t h e  bedding p lane  of the  coa l  (Fig.  6 ) .  Many of t h e  minerals  e x h i b i t  
well developed growth h a b i t s .  
ment from the  TEM photomicrographs r e v e a l s  t h a t  t h e  major i ty  of minerals  were 
under 30 nm i n  diameter  with t h e  average diameter  being approximately 10 nm. Larger 
mineral fragments up t o  300 nm on an edge were recorded but  comprised only a 
small f r a c t i o n  of t h e  t o t a l  observable  mineral  matter. Subsequent analyses  of  small 
angle  x-ray s c a t t e r i n g  (6) (SAXS) from a s i m i l a r  sample of I l l i n o i s  No. 6 c o a l  
showed a multimodal s i z e  d i s t r i b u t i o n  (F ig .  7 )  which e s s e n t i a l l y  confirms t h e  TEM 
observat ions.  For example, the  peak a t  3 nm r e l a t e s  t o  t h e  f i n e  pores  observed 
i n  the v i t r i n i t e  component 
diameter ,  and f i n a l l y  t h e  peak a t  25 nm accounts  f o r  t h e  l a r g e r  mineral fragment 
p l u s  t h e  l a r g e r  p o r e s  observed i n  t h e  granular  c o n s t i t u e n t .  

A s i z e  a n a l y s i s  of t h e  minerals  (5) by d i r e c t  measure- 

whereas t h e  peak a t  1 0  nm f i t s  t h e  average mineral 

In  addi t ion  t o  t h e  micros t ruc tura l  s t u d i e s  of these  two bituminous coa ls  an  
e f f o r t  was a l s o  made t o  do EDX analyses  v i a  STEM on microareas  of t h e  macerals 
i n  order  t o  o b t a i n  d a t a  r e l a t e d  t o  t h e  composition of t h e  coal  macromolecule. 
However, t y p i c a l l y ,  t h e  observa t ion  of d e t e c t a b l e  elements ( i . e . ,  of atomic number 
1 1 ,  Na or g r e a t e r )  always c o r r e l a t e d  with t h e  presence of minerals .  except f o r  
s u l f u r .  These observa t ions ,  though l i m i t e d ,  do suggest  t h a t  chemical analyses  
of coal which r e p o r t  t h e  e x i s t e n c e  o f  heavy meta ls  (>Na) i n  coa l  macerals a s  p a r t  
of the organic  c o n s t i t u e n t  may be suspec t .  As witnessed i n  Fig.  6 ,  t h e  size 
range f o r  minerals  can be exceedingly smal1,e.g. l e s s  than 2 nm i n  diameter  
thus  t h e i r  d e t e c t i o n  by s tandard  techniques very  improbable. 

CONCLUSIONS 

The shape and s i z e  of  pores  i n  two high v o l a t i l e  bituminous coals  of d i f f e r i n g  
l i tho types  have been d i r e c t l y  observed by means o f  t ransmission e l e c t r o n  microscope 
(TEM). The d i s t r i b u t i o n  of t h e  p o r o s i t y  wi th  r e s p e c t  t o  t h e i r  maceral assoc ia t ions  
were ascer ta ined as were t h e  sizes and d i s t r i b u t i o n s  of the  micro minerals .  
u s e  of S te reo  p a i r s  r e v e a l s  t h e  i n t e r c o n n e c t i v i t y  of t h e  pores i n  micro volumes 
of t h e  macerals i 6 d i c a t i n g  a high degree of permeabi l i ty  within those  reg ions .  

The f i n e s t  p o r o s i t y  was observed i n  v i t r i n i t e  fragments of both c o a l s  and 
ranged i n  s i z e  from under  2 nm t o  20 nm i n  diameter ,  with t h e  major i ty  i n  t h e  smal le r  
end of t h e  s i z e  range .  
maceral and t y p i c a l l y  conta ins  a broad range of pores  from 5 through 50 nm. 

The 

On t h e  o t h e r  hand, i n e r t i n l t e  appears t o  be the  most porous 
h c h  
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of t h e  i n e r t i n i t e  i s  granular  ma te r i a l  varying from f i n e  t o  coarse  grained p a r t i c l e s  
with t h e  former corresponding t o  mic r in i t e .  

F ina l ly ,  t he  l e a s t  porous maceral i s  e x i n i t e  which gene ra l ly  appears as a 
f e a t u r e l e s s  ma te r i a l  except f o r  t h e  presence of i r r e g u l a r  and tubu la r  pores thought 
t o  be i n i t i a t e d  by t h e  c a t a l y t i c  ac t ion  of minera ls .  
between e x i n i t e  and i n e r t i n i t e  such a s  e x i s t s  i n  du ra ins ,  where t h e  i n e r t i n i t e  
conta ins  l a rge  amounts of  f i n e  mineral  ma t t e r ,  may t h e r f o r e  promote t h e  genera t ion  
of po ros i ty  i n  e x i n i t e s .  

The in t ima te  r e l a t i o n s h i p  
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Fig. 3 .  TEM o f  Tubular and I r regular  Pores in Exinite Showing the Location 
(See Arrows) and Ident i ty  (See Inse ts )  o f  Spherical Par t ic les .  

Fig. 4. Fine Porosity Observed in Vi t r in i t e  Fragment i n  S p l i n t  Coal by TEM. 
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Fig.  5. F ine P o r o s i t y  Observed i n  V i t r i n i t e  Fragment o f  I l l i n o i s  No. 6 Coal by TEM. 

F ig .  6 .  TEM o f  V i t r i n i t e  o f  I l l i n o i s  No. 6 Showing Bands o f  M i n e r i a l s .  
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CHARACTERIZATION OF IRON BEARING MINERALS I N  COAL 

Pedro A. Hontano 

Department of P h y s i c s ,  West V i r g i n i a  U n i v e r s i t y ,  Aorgantown, hV 26506 

In t roduc t ion  

Due t o  t h e  importance of  c o a l  as a major sou rce  of energy and t h e  environmen’tal 
hazards  involved i n  i t s  u s e ,  cons ide rab le  r e s e a r c h  has  become necessa ry  i n  o rde r  t o  
a )  f u l l y  understand t h e  d i f f e r e n t  compounds appea r ing  i n  t h e  c o a l  and t h e i r  t r ans -  
formation d u r i n g  p rocess ing ;  and b) know how t h o s e  compounds c o n t r i b u t e  t o  t h e  
p o l l u t i o n  of t h e  environment ,  i . e . ,  a c i d i t y  of water  s t reams nea r  t h e  c o a l  mines 
and p o l l u t i o n  by power p l a n t s .  
mineral  m a t t e r  i n  c o a l .  For example, r e c e n t l y  s e v e r a l  r e s e a r c h e r s  have shown t h a t  
t h e  mine ra l  matter i n  t h e  c o a l  may p lay  an important  role i n  t h e  l i q u e f a c e i o n  process  
(1). Of a l l  t h e  m i n e r a l s  i n  t h e  c o a l ,  t h e  i r o n  bea r ing  mine ra l s  seem t o  h e  t h e  
most important .  I n  most c o a l  u t i l i z a t i o n  t echn iques  t h e  c o a l  is used as r a w  mate- 
r i a l ,  and a s  a r e s u l t  both t h e  o rgan ic  and ino rgan ic  components may be c r i t i c a l  i n  
t h e  acceptance o r  r e j e c t i o n  of a c o a l  f o r  a p a r t i c u l a r  p rocess .  Owjng t o  t h e  g r e a t  
importance of i r o n  a s  n major c o n s t i t u e n t  of  th’e mine ra l  matter i n  many c o a l s  t h e  
Moessbauer e f f e c t  becomes a powerful t o o l  i n  t h e  c h a r a c t e r i z a t i o n  of t h e  i r o n  bear- 
i ng  mine ra l s .  

Some p o s i t i v e  p r o p e r t i e s  can be a s s o c i a t e d  wi th  t h e  

The most common u s e  of t h e  Moessbauer e f f e c t  i n  mineralogy and geology has  been 
t h e  de t e rmina t ion  of  t h e  o x i d a t i o n  s ta tes  of  i r o n  i n  v a r i o u s  mine ra l s  ( 2 ) .  The 
s tudy  of  t h e  Moessbauer s p e c t r a l  a r e a  a l s o  g i v e s  v a l u a b l e  in fo rma t ion  on t h e  concen- 
t r a t i o n  of t h e  d i f f e r e n t  mine ra l s  i n  rocks  ( 2 ) .  Recent ly  t h e  Moessbauer e f f e c t  w a s  
app l i ed  t o  t h e  s tudy  of i r o n  bea r ing  mine ra l s  i n  c o a l  and t o  determine t h e  amount 
n f  p y r i t i c  sill f u r  ( 3 , 4 , 5 ) .  

I n  what Lollows t h e  a p p l i c a t i o n  of  Moessbauer spectroscopy (57Fe) t o  determine 
t h e  i ron  bea r ing  m i n e r a l s  w i l l  be  desc r ibed  and a c r i t i c a l  view of  t h e  advantages 
and d i sadvan tages  of t h e  t echn ique  w i l l  be p re sen ted .  I n  t h i s  s t u d y  more than 200 
c o a l  samples were i n v e s t i g a t e d  and more than  2000 Moessbauer runs  were c a r r i e d  ou t  
on those  samples.  Be fo re  going i n t o  t h e  expe r imen ta l  r e s u l t s ,  a b r i e f  d e s c r i p t i o n  
of t h e  Moessbauer pa rame te r s  which g i v e  t h e  necessa ry  in fo rma t ion  t o  determine t h e  
compounds seems a p p r o p r i a t e .  

Moessbauer Pa rame te r s  

Isomer S h i f t  ( I S ) :  The s h i f t  observed i n  t h e  Moessbauer l i n e s  wi th  r e s p e c t  t o  
z e r o  v e l o c i t y  i s  produced by t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  of t h e  nuc lea r  and s- 
e l e c t r o n s  cha rge  d i s t r i b u t i o n s .  I t  is g iven  i n  t h e  n o n - r e l a t i v i s t i c  approximation 
by (6)  

The I S  g i v e s  v a l u a b l e  and unique in fo rma t ion  on t h e  va l ence  s t a t e s  of i r o n ,  i n  
s p e c i a l  f o r  h igh  s p i n  Fe2+ and Fe3+. / 

Besides  t h e  I S  t h e r e  e x i s t s  a s h i f t  of t h e  Moessbauer l i n e s  due t o  t h e  second 
o r d e r  Doppler e f f e c t  ( 7 ) .  T h i s  s h i f t  is given by 
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where i s  t h e  thermal  average  of t h e  squa re  of t h e  v e l o c i t y  of t h e  Moessbauer 
atom i n  t h e  s o l i d .  It is a parameter t h a t  s t r o n g l y  depends on t h e  l a t t i c e  dynamical 
p r o p e r t i e s  of t h e  s o l i d .  

The hype r f ine  i n t e r a c t i o n s  a f f e c t i n g  the  Moessbauer e f f e c t  a r e  t h e  quadrupole  
and magnetic i n t e r a c t i o n s  ( 2 ) .  The quadrupole i n t e r a c t i o n  e x i s t s  when t h e  e l e c t r o n s  
and/or t h e  ne ighbor ing  atoms produce an inhomogeneous e l e c t r i c  f i e l d  a t  t h e  nuc leus ,  
and when t h e  nuc leus  posses ses  a quadrupole moment, Q. 
a s p l i t t i n g  of t h e  Moessbauer l i n e s  f o r  57Fe given by ( 2 )  

This  i n t e r a c t i o n  produces 

AE = #e?qQ (1 + n 2 / 3 ) '  3 )  Q 

where q is t h e  e l e c t r i c  f i e l d  g r a d i e n t ,  and 0 t h e  asymmetry parameter.  When q a r i s e s  
from t h e  e l e c t r o n s  of t h e  Moessbauer a om, the  tempera ture  dependence of t h e  QS i s  

.very  pronounced, l i k e  i n  h igh  s p i n  Fez compounds. Th i s  tempera ture  dependence i s  
ve ry  u s e f u l  i n  t h e  i d e n t i f i c a t i o n  of t h e  e l e c t r o n i c  ground s t a t e  of t h e  ion .  

5 

The hype r f ine  magnetic i n t e r a c t i o n  a r i s e s  from t h e  i n t e r a c t i o n  of t h e  n u c l e a r  
magnetic d i p o l e  moment wi th  a magnetic f i e l d  due t o  t h e  atom's own e l e c t r o n s .  I n  
many c a s e s  Noessbauer s t u d i e s  a t  low tempera tures  a r e  necessary  t o  f u l l y  c h a r a c t e r i z e  
a compound. In such c a s e s  one u s u a l l y  a p p l i e s  an e x t e r n a l  magnetic f i e l d .  Th i s  
technique  i s  p a r t i c u l a r l y  u s e f u l  f o r  t h e  s tudy  of t h e  e l e c t r o n i c  ground s ta te  of 
i r o n  ions  i n  minera ls  ( 8 , 9 ) .  

A very  important Moessbauer parameter is t h e  Debye-Waller f a c t o r  (DWF). The DWF 
depends on t h e  tempra ture  and i s  given in t h e  harmonic approximation by ( 2 )  

DWF = exp (-k2<x2> ) 4 )  
Y T  

where i s  t h e  mean squa re  d isp lacement  of t h e  atom a long  t h e  d i r e c t i o n  of t h e  
y-ray emission. The DWF is f r e q u e n t l y  eva lua ted  i n  Moessbauer spec t roscopy us ing  
an  e f f e c t i v e  Debye model. The DWF can be d i f f e r e n t  f o r  t h e  same compound i f  t h e  
p a r t i c l e  s i z e  is ve ry  sma l l .  One has  t o  be aware of t h i s  problem when us ing  t h e  
Moessbauer e f f e c t  a s  a q u a n t i t a t i v e  a n a l y t i c a l  t o o l .  

The Moessbauer e f f e c t  can be used no t  on ly  f o r  t h e  i d e n t i f i c a t i o n  of mine ra l  
s p e c i e s ,  b u t  a l s o  f o r  a q u a n t i t a t i v e  a n a l y s i s  of  t h e  mine ra l  c o n t e n t s .  The Moess- 
bauer s p e c t r a l  a r e a  i s  g iven  f o r  a s i n g l e  l i n e  sou rce  and absorber  by (10) 

t=n  a f a o a  P=~-B/N( - )  

where B = background (non-Moessbauer r a d i a t i o n ) ;  N(m)  = count ing  r a t e  a t  i n f i n i t y  
v e l o c i t y ;  r 
abso rbe r  an8 source ;  a = abso rp t ion  c ros s - sec t ion  a t  resonance ;  n = number 
of Moessbauer atoms pe8 squa re  cen t ime te r .  
f o r  l i n e s  s p l i t t e d  by hype r f ine  i n t e r a c t i o n s  (11). 
as a q u a n t i t a t i v e  a n a l y t i c a l  t o o l ,  c a r e  must be taken t h a t  B, f and f a r e  known. 
A d i s c u s s i o n  on t h e  q u a n t i t a t i v e  method of a n a l y s i s  w i l l  be g ivzn  a t  t g e  end of 
t h e  paper.  

= f u l l  wid th  of ha l f -he igh t  of t h e  abso rp t ion  l i n e ;  f a f s  = DIJF of 

The above formula has  t o  bg c o r r e c t e d  
When us ing  t h e  Moessbauer e f f e c t  
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Experimental  Procedures  i 
I 

The c o a l  samples used i n  t h i s  work were c o l l e c t e d  fo l lowing  s t r i c t l y  ASTM pro- 
cedure  D2013-72. The samples were mounted i n  l u c i t e  c o n t a i n e r s  t h a t  were hermet ica l -  
l y  s ea l ed .  Pressed  p e l l e t s  of t h e  gr inded  c o a l  were a l s o  used a s  samples.  The 
average s u r f a c e  d e n s i t i e s  of t h e  samples used were between 150 t o  300 mg/cm2. 
Severa l  samples from t h e  same s e a m  were analyzed i n  o rde r  t o  check f o r  cons i s t ency  
of t h e  r e s u l t s .  Some runs  were c a r r i e d  ou t  on raw c o a l s  (not gr inded)  a s  w e l l ,  f o r  
t e s t i n g  purposes .  The bulk  of t h e  samples used i n  t h i s  s tudy  w e r e  from West Vi rg in i a  
c o a l s .  The Moessbauer spec t rometer  used i n  t h i s  work was a convent iona l  cons t an t  
a c c e l e r a t i o n  spec t romete r .  
were analyzed us ing  a non- l inear  l ea s t - squa re  f i t  program and assuming Lorentz ian  
l ineshapes .  The measurements covered a wide tempera ture  range. Many r u n s  were I 

c a r r i e d  ou t  a t  low tempera tures  (4.2 K) and i n  t h e  p resence  of an e x t e r n a l  magnetic 
f i e l d  (40  kOe). The v e l o c i t y  c a l i b r a t i o n  i s  given wi th  r e s p e c t  t o  a-Fe a t  room 
temperature (RT). 

j 

A 50mC 57Co:Pd source  was used. The Moessbauer s p e c t r a  

Experimental  R e s u l t s  and Discuss ion  

The d i f f e r e n t  i r o n  bea r ing  mine ra l s  d e t e c t e d  i n  c o a l  u s ing  Moessbauer spec t ros -  
copy a r e  c l a s s i f i e d  below accord ing  t o  t h e i r  major groups,  i .e . ,  s u l f i d e s ,  c l a y s ,  
carbonates ,  and s u l f a t e s .  

Su l f ides :  I r o n  d i s u l f i d e  ( p y r i t e )  is t h e  most important of t h e  i r o n  bea r ing  minera ls  
i n  coa l .  

The s i x  d - e l e c t r o n s  a r e  occupying t h e  T ground s ta te  and no magnetic moment is  
p resen t  a t  t h e  i r o n  s i t e  (8) .  
o rd ina t ion  of  s i x  n e a r e s t  ne ighbors  s u l f u r ,  t h e  oc tahedron  be ing  s l i g h t l y  compressed 
a long  one of  t h e  a x i s .  Consequently,  t h e  c r y s t a l l i n e  f i e l d  a t  t h e  i r o n  s i t e  i s  low- 
e r  than cub ic  and a n  e l e c t r i c  f i e l d  g r a d i e n t  e x i s t s  a t  t h e  57Fe nuc leus ,  producing 
a c h a r a c t e r i s t i c  QS i n  t h e  Moessbauer spectrum. 

I n  p y r i t e  t h e  i r o n  ion  is  i n  t h e  low sp in  c o n f i g u r a t i o n ,  Fe". 

I n  pyritZgeach c a t i o n  has  a d i s t o r t e d  o c t a h e d r a l  co- 

There i s  a m e t a s t a b l e  phase of FeS2, marcas i t e ,  which i s  t h e  orthorhombic d i -  
morph of p y r i t e  and appears  a l s o  i n  s e v e r a l  coa l s .  Marcas i te  has  s l i g h t l y  d i f f e r e n t  
I S  and QS (Table  1). When t h e  amount of marcas i t e  i n  c o a l  i s  more than  20% of t h e  
t o t a l  i r o n  d i s u l f i d e  con ten t  i t s  d e t e c t i o n  us ing  Moessbauer spec t roscopy i s  pos- 
s i b l e .  I n  g e n e r a l ,  pe t rog raph ica l  techniques  seem t o  be more a p p r o p r i a t e  f o r  
i d e n t i f i c a t i o n  of m a r c a s i t e  ( a t  l e a s t  f o r  q u a l i t a t i v e  measurements).  I n  t a b l e  1 
a l i s t  o f  t h e  d i f f e r e n t  i r o n  s u l f i d e s  and t h e i r  r e s p e c t i v e  Moessbauer parameters  
is given. 

A t y p i c a l  spectrum of a c o a l  i s  g iven  i n  f i g u r e  1. The sample has  been t r e a t e d  
wi th  H C 1  ( fo l lowing  ASTM s tanda rd  D-2492) t o  g e t  r i d  of t h e  non-pyr i t i c  i r o n  ( s u l -  
f a t e s ) .  The spec t rum i s  t y p i c a l  of p y r i t e .  A l l  t h e  ca. 2000 s p e c t r a  run i n  t h i s  
work show t h e  p re sence  of p y r i t e  ( con ten t s  ranging between 7 t o  0 .1%) .  While 
s tudying  s e v e r a l  c o a l  macera ls  a new Moessbauer spectrum a s s o c i a t e d  wi th  p y r i t e  w a s  
observed i n  t h r e e  d i f f e r e n t  samples (9) r i c h  i n  f ramboida l  p y r i t e .  The e x t r a  Moess- 
bauer  double t  showed t h e  same magnetic behavior  a s  p y r i t e  (low s p i n ) .  However, i t s  
Moessbauer pa rame te r s  a r e  d i f f e r e n t  and t h e  I S  sugges t s  a sma l l e r  e l e c t r o n i c  den- 
s i t y  a t  t h e  nuc leus  than f o r  FeS2. The low tempera ture  measurements i n d i c a t e  t h a t  
t h e  spectrum cannot  be a s s o c i a t e d  wi th  any of t h e  o t h e r  mine ra l s .  I t  i s  poss ib l e  
t h a t  t h i s  phase i s  h i g h l y  d i so rde red  (or "amorphous") FeS2. 

O t h e r  i r o n  s u l f i d e s  are produced du r ing  c o a l  p rocess ing .  They a r e  mainly 
p y r r h o t i t e s .  For composi t ions  vary ing  between FeS ( t r o i l i t e )  and Fe7Sg(monoclinic 
p y r r h o t i t e ) ,  t h e  compounds are r e f e r r e d  t o  g e n e r a l l y  a s  p y r r h o t i t e s  (12).  The 
Moessbauer spectrum of i r o n  p y r r h o t i t e s  can be observed i n  t h e  c o a l  l i q u e f a c t i o n  
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minera l  res idue .  The s tudy  of t h e s e  p y r r h o t i t e s  i s  of cons ide rab le  importance due  
t o  t h e i r  p o t e n t i a l  u se  a s  d i sposab le  c a t a l y s t s  i n  c o a l  l i q u e f a c t i o n  (1). It i s  t o  
be noted  t h a t  t h e  presence  of p y r r h o t i t e s  was observed i n  some s e v e r e l y  "weathered" 
coa l .  In s t u d i e s  c a r r i e d  ou t  under a reducing  hydrogen atmosphere (between RT and 
40OoC) t h e  conversion of a l l  t h e  p y r i t e  t o  p y r r h o t i t e s  was observed. 

Clay mine ra l s :  

c l a y  mine ra l s  p re sen t  i n  c o a l .  The c r y s t a l  s t r u c t u r e s  of t h e  c l a y  mine ra l s  a r e  
b a s i c a l l y  der ived  from two types  of s h e e t s .  
Si04 u n i t s ,  and an oc tahedra l  shee t  t y p i c q l l y  qade  of A l ( 0 ,  OH)6 u n i t s  (13 ) .  
i d e a l  formula,  i . e . ,  f o r  k a o l i n i t e  is A l z 3  S i z 4  052-(OH)4, bu t  a s  i n  a l l  c l a y  
mine ra l s ,  a c e r t a i n  maount of c a t i o n  s u b s t i t u t i o n  i s  poss ib l e .  I n  mic and i ts  
der ived  c l a y  mine ra l s ,  i l l i t e s ,  t h e  o c t a h e d r a l  shee t  con ta in  only  A13', b u t  i n  t h e  
t e t r a h e d r a l  s i t e s  one q u a r t e r  of t h e  S i 4 +  is rep laced  by Ai3'. The n e t  n e g a t i v e  
charge  of t h e  l a y e r  is balanced by i n t e r l a y e r  a l k a l i  c a t i o n s  which a l so  bond t h e  
l a y e r s  toge ther .  The i n t e r l a y e r  i n  montmor i l lon i te  o r  v e r m i c u l i t e  is occupied by 
H 2 0  and/or  c a t i o n s ,  whereas i n  c h l o r i t e  t h e r e  i s  a complete s h e e t  of aluminum (mag- 
nesium) hydroxide,  t h e  b r u c i t e  shee t .  Continuous ranges  of chemical composition are 
o f t e n  p o s s i b l e  between t h e  d i f f e r e n t  c l a y s  and t h e r e  i s  a g r e a t  v a r i e t y  of mixed 
l a y e r  s t r u c t u r e s .  I r o n  can be s u b s t i t u t e d  i n  t h e  o c t a h e d r a l  l a y e r  i n  i t s  h igh-sp in  
f e r r o u s  and f e r r i c  forms, and occas iona l ly  i n  t h e  t e t r a h e d r a l  l a y e r .  However, t h e  
i r o n  concen t r a t ion  i n  c l a y s  is r e l a t i v e l y  sma l l  ( a  few % by weight) f o r  k a o l i n i t e  
and i l l i t e ,  t he  most f r e q u e n t l y  found c l a y s  i n  c o a l  ( 1 4 ) .  

Clay mine ra l s  r e p r e s e n t  a l a r g e  percentage  of t h e  i n o r g a n i c  mine ra l  
con ten t  i n  c o a l .  I l l i t e ,  k a o l i n i t e  and mixed c l ays  are t h e  major 

A t e t r a h e d r a l  shee t  t y p i c a l l y  made of 
The 

I n  gene ra l  t h e  c l a y s  appear ing  i n  t h e  c o a l  show s l i g h t l y  d i f f e r e n t  Moessbauer 
parameters  than pure  c l a y s .  The u s u a l  method u t i l i z e d  t o  i d e n t i f y  t h e  c l a y  mine ra l s  
i n  c o a l  i s  X-ray d i f f r a c t i o n  of t h e  LTA, bu t  due t o  t h e  poor c r y s t a l l i n i t y  of t h e  
c l a y s  i n  t h e  c o a l  t h e  technique  cannot  be used f o r  q u a n t i t a t i v e  measurements. The 
Moessbauer e f f e c t  is n o t  much of an  improvement d u e  t o  t h e  smal l  i r o n  con ten t  of 
t h e  c l a y s .  A coa l  r i c h  i n  c l a y s  i s  shown i n  f i g u r e  2 (about 10% mine ra l  m a t t e r ) .  
The appearance of two peaks a t  h ighe r  v e l o c i t y  i s  n o t  due t o  t h e  presence  of two 
s i t e s  i n  t h e  c l a y  o r  t o  two d i f f e r e n t  c l a y s ,  i t  i s  produced by szomolnoki te .  By 
t r e a t i n g  t h e  sample wi th  H C 1 ,  t h e  s u l f a t e  w a s  washed away and t h e  c l a y  (poss ib ly  
i l l i t e )  could be c l e a r l y  seen  (F igure  3 ) .  T rea t ing  t h e  c o a l  w i th  HN03 d i s s o l v e s  
t h e  p y r i t i c  i ron  and the  spectrum of t h e  c l a y s  can be de t ec t ed  more c l e a r l y .  
F igure  4 shows t h e  P i t t s b u r g h  c o a l  (230 mesh) shown i n  F ig .  1 a f t e r  t r ea tmen t  w i t h  
HNO3. The spectrum ( n o t i c e  t h e  sma l l e r  e f f e c t )  is i d e n t i f i e d  a s  t h a t  of k a o l i n i t e  
(a smal l  QS is d e t e c t a b l e ) .  

In gene ra l ,  t o  s tudy  t h e  c l a y s  i n  c o a l  one should t r e a t  t he  samples a s  desc r ib -  
ed above, o r  run t h e  experiments a t  low tempera tures  i n  o rde r  t o  r e s o l v e  t h e  over- 
l app ing  l i n e s  (measurements i n  an e x t e r n a l  magnetic f i e l d  become necessa ry )  ( 8 , 9 ) .  
Moessbauer parameters f o r  t h e  p r i n c i p a l  c l a y  mine ra l s ,  pu re  and as they  appear  i n  
c o a l ,  a r e  given i n  t a b l e  1. 

S u l f a t e s :  The i ron  s u l f a t e s  were de t ec t ed  i n  more than  90% of t h e  c o a l  samples 

t h e  c o a l .  The amounts d e t e c t e d  i n  t h i s  s tudy  ranged from 0 .2  t o  0.005% of t o t a l  
weight.  

s tud ied .  The s u l f a t e s  a r e  cons idered  t o  be produced by "weathering" of 

The s tandard  technique  used f o r  d e t e c t i o n  of s u l f a t e s  is X-ray d i f f r a c t i o n  of 
t h e  LTA. Neve r the l e s s ,  we have observed t h a t  i n  some c a s e s  s u l f a t e s  a r e  p r e s e n t  i n  
t h e  c o a l  and the  X-ray does  not  show any l i n e  a t t r i b u t a b l e  t o  them (15) .  The most 
abundant d i v a l e n t  i r o n  s u l f a t e  observed i n  t h e  c o a l s  s tud ied  i s  FeS04'H20 (szomol- 
n o k i t e ) ,  a monoclinic c r y s t a l  w i th  a t e t r amolecu la r  u n i t  c e l l  (16) .  This  compound 
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o r d e r s  a n t i f e r r o m a g n e t i c a l l y  around 10K wi th  an e f f e c t i v e  i n t e r v a l  f i e l d  of 359 kOe i 

i 

(9 ) .  
FeS04'7Hp0 ( m e l a n t e r i t e ) ;  anhydrous f e r r o u s  s u l f a t e  was de t ec t ed  when the  coa l  was 
s t o r e d  under vacuum. The f e r r i c  s u l f a t e s  commonly observed i n  s e v e r a l  coa l s  are 1 

coquimbite and j a r o s i t e s .  

Other s u l f a t e  m i n e r a l s  found less f r equen t ly  a r e  FeS04'4H20 ( r o z e n i t e ) ,  and 

A word of cau t ion  concern ing  t h e  presence  of t r i v a l e n t  s u l f a t e s  i n  t h e  c o a l  i s  
appropr i a t e  he re .  
bauer p y r i t e  l i n e s .  The r e s u l t  i s  t h e  d e t e c t i o n  of a s l i g h t l y  asymmetric p y r i t e  
spectrum. 
has  d i s so lved  i n  HCL, b u t  t h i s  i s  of cour se  n o t  t r u e ,  and i s  t h e  r e s u l t  of t h e  pre- 
sence  of t h e  i r o n  s u l f a t e s .  The f e r r i c  s u l f a t e s  a r e  e a s i l y  d i s t i n g u i s h a b l e  from 
p y r i t e .  When Moessbauer measurements a r e  c a r r i e d  o u t  a t  4.2K i n  t h e  presence  of a 
l a r g e  e x t e r n a l  f i e l d ,  t h e  c h a r a c t e r i s t i c  h y p e r f i n e  f i e l d  of  Fe3+ i s  de tec t ed  (about 
500 kOe). It w a s  observed a l s o  t h a t  many of t h e  f e r r i c  s u l f a t e s  a r e  formed dur ing  
LTA ( 3 ) .  

These  s u l f a t e s  have i n  gene ra l  l i n e s  which ove r l ap  wi th  t h e  Moess- 

I f  one t r e a t s  t h e  samples w i t h  H C 1  i t  w i l l  appear  as i f  some of t h e  p y r i t e  

I n  f i g u r e  5 a Moessbauer spectrum f o r  a mixture  of szomolnokite (A) and r o z e n i t e  
( B )  i s  shown. The sample w a s  c h a r a c t e r i z e d  by X-ray d i f f r a c t i o n  a s  w e l l  as Moess- 
bauer spec t roscopy.  A f t e r  LTA (17) t h e  Moessbauer spectrum shows t h e  presence of 
szomolnokite (no r o z e n i t e )  and f e r r i c  s u l f a t e .  This  was observed f o r  a l l  t he  runs  
c a r r i e d  on t h e  coa l  samples s t u d i e d .  I n  t a b l e  1 a l i s t  of t h e  i r o n  s u l f a t e s  and 
t h e i r  r e s p e c t i v e  Moessbauer parameters  is g iven .  

Carbonates:  The Moessbauer s p e c t r a  of some of t h e  c o a l  samples show t h e  presence  of 
FeC03 ( s i d e r i t e ) .  S i d e r i t e  has  a rhombohedral s t r u c t u r e  wi th  an octahedron of 
oxygens around t h e  i r o n  w i t h  a smal l  t r i g o n a l  d i s t o r t i o n  a long  t h e  c -ax is .  S i d e r i t e  
is magne t i ca l ly  ordered  a t  low tempera tures  (TN = 38K)  w i th  a very  d i s t i n c t i v e  
Moessbauer spectrum (18). During t h e  s tudy  i t  was observed on s e v e r a l  occas ions  
t h a t  a Moessbauer spec t rum appeared t o  b e  t h a t  of FeC03; however, by ca r ry ing  ou t  
low tempera ture  measurements t h e  presence of e i t h e r  c l a y  o r  a n k e r i t e  was i n f e r r e d .  
Anker i te  [Ca(FeMg) i s  ano the r  carbonate  t h a t  appears  i n  some c o a l s .  I t  i s  
n e a r l y  imposs ib le  t o  d i s t i n g u i s h  a n k e r i t e  from s i d e r i t e  u s ing  Moessbauer spec t ros -  
copy a t  room tempera ture  (RT) .  One has  t o  c a r r y  ou t  low tempera ture  measurements. 
I n  t a b l e  1 t h e  r e l e v a n t  Moessbauer parameters  a r e  g iven  f o r  t h e  i r o n  carbonates  
observed i n  c o a l .  I n  a l l  t h e  measurements no more than  0.1% s i d e r i t e  by weight 
was de tec t ed .  

Other minera ls :  In  t h i s  work no o t h e r  mine ra l s  were de t ec t ed  us ing  Moessbauer spec- 
t ro scopy ,  except  t h e  ones mentioned above. However, i n  heav i ly  

weathered c o a l s  and c o a l  r e f u s e  t h e  presence  of i r o n  ox ides (hemat i t e  and t o  a lesser 
e x t e n t  magnet i te )  were observed .  
heav i ly  weathered c o a l s .  Other mine ra l s  l i k e  s p h a r e l i t e ,  c h a l c o p y r i t e  and arseno-  
p y r i t e  were no t  d e t e c t a b l e  in t h e s e  experiments.  Some of t h e  l a t t e r  minera ls  hove 
been i d e n t i f i e d  us ing  scanning  e l e c t r o n  microscopy, bu t  t h e i r  p resence  i n  t h e  coa l  
is t o o  smal l  t o  make t h e i r  c o n t r i b u t i o n  t o  the  Moessbauer spectrum s i g n i f i c a n t .  
O t h e r  s u l f i d e s  l i k e  Fe3S4 o r  F q S g  (19) were n o t  d e t e c t a b l e  i n  any of t h e  samples 
a t  RT or 4.2K. 
s tud ied  samples (20) .  

P y r r h o t i t e  w a s  a l s o  d e t e c t a b l e  i n  some of t h e  

No ev idence  of o r g a n i c a l l y  bound i r o n  i n  c o a l  was found f o r  a l l  t h e  

Moessbauer Spec t roscopy a s  a Tool f o r  Q u a n t i t a t i v e  Determina t ion  of P y r i t i c  Su l fu r  

The use of Moessbauer spec t roscopy to de te rmine  t h e  amount of i r o n  i n  a sample 

The DWF of 
p re sen t s  s e v e r a l  s e r i o u s  problems t o  the  e x p e r i m e n t a l i s t .  One has  t o  know t h e  
Debye-Ualler f a c t o r  o f  p y r i t e  and t h e  background r a d i a t i o n  a c c u r a t e l y .  
FeS2 can be de te rmined  from t h e  tempera ture  dependence of t h e  s p e c t r a l  a r ea  f o r  pure 
c r y s t a l s  of known t h i c k n e s s e s .  However, i n  many c o a l s  p y r i t e  is h i g h l y  d i spe r sed  
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and form v e r y  s m a l l  p a r t i c l e s  which have low c r y s t a l l i n i t y ;  consequent ly ,  t h e  DWF 
might d i f f e r  c o n s i d e r a b l y  from t h a t  of l a r g e  FeS2 c r y s t a l s .  Also,  a v e r y  impor tan t  
s o u r c e  of e r r o r  i s  t h e  de te rmina t ion  of t h e  non-resonant r a d i a t i o n  background. In 
a l l  t h e  r u n s  c a r r i e d  o u t  i n  t h i s  s tudy  it w a s  observed t h a t  v a r i a t i o n s  of 10 t o  
30% occur  i n  background count ing  r a t e s  f o r  samples of c o a l s  w i t h  t h e  same weight  per  
u n i t  a r e a .  The d i f f e r e n c e s  are due t o  t h e  h e t e r o g e n e i t y  of t h e  m i n e r a l  comuosi t ion  
of t h e  c o a l s .  Both p h o t o e l e c t r i c  s c a t t e r i n g  (mainly by t h e  14.4 keV) and Compton 
s c a t t e r i n g  of t h e  h i g h  energy y-rays c o n t r i b u t e  t o  t h e  background r a d i a t i o n .  T h i s ,  
of course ,  i n d i c a t e s  t h a t  a f u l l  a n a l y s i s  of t h e  y-ray spectrum f o r  each sample is 
necessary .  Any u s e  o f  s t a n d a r d s  t o  de te rmine  t h e  amount of p y r i t i c  s u l f u r  w i l l  have 
t o  t a k e  i n t o  c o n s i d e r a t i o n  t h e  problems mentioned above (5) .  
spec t roscopy for  q u a n t i t a t i v e  a n a l y s i s  has  t o  go hand in  hand w i t h  t h e  s t a n d a r d  
chemical procedures (ASTM D 2492-68), a s  a complementary technique  and  n o t  as a 
s u b s t i t u t e .  I n  g e n e r a l ,  t h e  most a c c u r a t e  Moessbauer q u a n t i t a t i v e  measurement w i l l  
g ive  a n  e r r o r  of about  10%. 

The u s e  of Moessbauer 

Conclusions 

The Moessbauer e f f e c t  h a s  been used as an a n a l y t i c a l  t o o l  t o  c h a r a c t e r i z e  t h e  d i f -  
f e r e n t  i r o n  bear ing  m i n e r a l s  i n  c o a l .  I t  has  been poin ted  o u t  t h a t  by t h e  use  of 
low tempera ture  measurements ( i n  t h e  presence  of a l a r g e  e x t e r n a l  magnetic f i e l d )  
and t r e a t m e n t  of t h e  c o a l  samples a l l  t h e  i r o n  b e a r i n g  m i n e r a l s  can b e  c o r r e c t l y  
i d e n t i f i e d .  The use  of Moessbauer spec t roscopy a s  a q u a n t i t a t i v e  a n a l y t i c a l  t o o l  
p r e s e n t s  s e v e r a l  exper imenta l  d i f f i c u l t i e s .  It is recommended t h a t  t h i s  s p e c t r o s -  
copy be  used a s  a complement t o  and n o t  as a s u b s t i t u t e  f o r  t h e  s t a n d a r d  techniques .  
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FIGURE 1. Moessbauer spectrum of a P i t t s b u r g h  c o a l  (RT) a f t e r  t rea tment  with 
HC1. 
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FIGURE 2. Moessbauer spectrum of a Waynesburg coal 
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FIGURE 3 .  Waynesburg coal after treatment with H C 1  (RT). 
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FIGURE 4.  Pittsburgh coal  (Fig. 1) after  treatment w i t h  HNO 
3 
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FIGURE 5. Moessbauer spectrum of szomolnokite and rozenite (RT). 
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FIGURE 6. Moessbauer spectrum after LTA. 
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